\ 

i 

I 

f 


/ 


I 

1 


— 

AD/A-000  089 

ESKIMO  II.  MAGAZINE  SEPARATION  TEST 

Frederick  H.  Weals 

Nava)  Weapons  Center 
China  Lake,  California 

I September  1974 

I 


DISTRIBUTED  BY: 

iMfl 

Natinnal  Tschnical  Informatipn  Service 
U.  $.  DEPARTMENT  OF  COMMERCE 


Naval  Weapons  Center 

AN  ACTMTY  OF  THE  NAVAL  MATERIAL  COMMAND 


R.  G.  Freeman,  III,  RAdm.,  USN  Commander 

G.  L.  Hollingsworth TechiVical  Director 


FOREWORD 


This  report  describes  a fiul-scale  magazine  separation  test  conducted  at  the  Naval  Weapons 
Center  in  May  1973.  The  test  work  was  conducted  for  the  Department  of  Defense  Explosives  Safety 
Board  (DDESB)  using  funds  provided  by  that  organization.  The  work  was  identified  by  Army 
Program  Element  Number  6J7.02.A  and  Project  and  Task  Area  Number  4A765702M857. 

Based  on  data  derived  from  the  test,  DDESB  has  made  significant  gains  in  information  relating 
to  hazards  criteria. 

Appendix  A of  the  report,  which  was  prepared  by  Mr.  Ralph  Reisler  and  Mr.  Warren  Baity  of 
the  Ballistic  Research  Laboratories,  discusses  loading  predictions.  Appendix  B,  covering  vehicle  and 
traffic  route  investigations  and  window  glass  hazard  studies,  was  prepared  by  Dr.  Donald  R. 
Richmond  and  Dr.  Royce  B.  Retcher  of  the  Lovelace  Foundation  for  Meoical  Education  and 
Reiearch. 

This  report  has  been  reviewed  for  technical  accuracy  by  DDESB  staff  members  Mr.  Russell  G. 
Ptrkins  and  Dr.  Thomas  A.  Zaker.  Mr.  Ptrkins  and  Dr.  Zaker  also  played  major  loles  in  the  design  of 
the  test. 
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communication  of  explosion.  The  test  results,  showing  a wide  range  of 
door  and  headwall  responses,  indicated  that  no  change  in  the  separation 
standards  established  by  the  Department  of  Defens.*  Explosives  Safety 
Board  is  required  at  this  time.  Additionally,  the  results  have  provided 
guidance  for  the  selection  of  promising  types  of  walls  and  doors  to  be 
tested  more  extensively.  The  test  also  included  investigation  of  the 
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and  window  damage. 
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INTRODUCTION 


Al  ihc  request  of  ih'  Deparunenl  of  IVferi.se  Explosives  Safei>  Board  the  Naval 

Weapons  Center  |NWC)  on  22  May  conducted  al  the  Kandsburg  Wash  Teat  Range  a large-scale 
explosives  hazards  lest  known  as  ESKIMO  II.  (ESKIMO  is  an  aernnyin  fot  l;xplosive  Safety 
Knowledge  IMprovetueiit  Operation.)  This  was  the  second  in  a series  ><f  full-scale  tests  of 
earth-co*ered  magazines  sponsored  by  the  DDE^B.  The  main  purpose  of  this  t was  to  evaluate  the 
proiecnon  afforded  by  live  igliHi  magazines  against  communication  of  explosion  when  lire  lieadwall  of 
one  rnagazfife  faces  *he  earth-covered  side  or  rear  v/al!  of  another. 

ESKIMO  I.  the  first  test,  was  conducted  in  December  1971  to  detennine  a safe,  practicable 
nnnimum  separation  distance  for  facenm  exposures  of  U.S.  Army  standard  steel-arch  magazines 
(Refererwe  I).  Explosion  communication  occurred  to  an  acceptor  iglmi  of  this  design  al  a distance  in 
feet  equal  to  1.25  X W*/^.  in  which  W is  the  weight  in  pounds  of  the  high  explosive  in  storage,  but 
failed  to  iKTcur  at  a distance  of  2.0  X WD-^  to  the  rear  of  the  donor.  Eurther,  the  lest  revealed  that 
safety  and  cx'oroniy  might  be  irKrea.sed  ihrougit  improved  design  for  closer  balance  in  strength 
between  the  diHirs  and  headwall  of  the  magazine. 

ESKIMO  It,  a full-scale  primf  lest  of  oilier  existing  and  modilleJ  door  and  headwall  designs, 
utilized  structures  and  facilities  rcniaiiiing  from  ESKIMO  I.  rebuilt  as  neces.sary  to  ineel  the  aims  of 
the  test.  ESKIMO  II  extended  investigation  conducted  in  ESKIMO  I.  making  use  of  information 
derived  from  that  test.  !n  ESKIMO  I the  separation  distances  and  orientation  of  the  acceptor 
magazines  relative  to  a donor  magazine  were  raried  for  the  primary  objective  of  selecting  appropriate 
separation  distances.  In  ESKIMO  II  the  separation  distances  from  a donoi  si.nck  of  bombs  were 
approximately  the  same  for  all  five  acceptor  magazines,  and  all  ntagazines  faced  the  stack. 


Thw  piimary  tes»  olijectivc  was  to  evaluate  the  protection  afforded  by  inaga/i.ie  structures 
against  a^mmunication  of  explosion  witn  the  headwall  of  one  magazine  facing  the  earth-covered  side 
or  rear  wall  of  another.  Other  objectives  were 

1.  Evaluation  of  the  resistance  of  several  types  of  igliHi  diH>rs  and  hcadwatls  and  of  proposed 
modifications  to  existing  designs  in  a blast  environment  simulating  that  from  a magazine  explosion. 

2.  Evaluatitm  of  a proposed  noncircular  steel-arch  igliH>  design. 


TEST  OBJECTIVES 
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3.  Investigation  of  hazards  asscKiated  with  window  glass  and  window  frames  placed  at  several 
distances  from  the  explosion,  with  emphasis  on  window  types  used  in  commercial  and  institutional 
buildiiigf 

4.  Evaluation  of  blast  damage  to  foreign  automobiles  and  to  several  types  of  domestic  vehicles 
placed  at  distances  from  magazine  structures  specified  by  various  authorities  for  public  traffic  routes. 

5.  Acquisition  of  data  regarding  fragment  hazards  from  a specific  bomb. 


NEAR  FIELD  TEST  LAYOUT 


IGLOOS 


Five  magazines  were  exposed  face-on  at  approximately  the  same  distance  from  the  explosion 
source,  as  shown  in  Figure  I.  The  magazine  structures  were  aarth-covered  semicircular  corrugated  steel 


Figure  1.  Layout  of  Test  Structures  for  ESKIMO  II  Magazine  Separation  Tent.  A,  B.  C,  D.  and 
E indicate  igloo  designations. 
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arches,  except  for  a new  type  uf  nuncircular  steel-arch  rnaga/inc  tlglm)  B).  built  to  a length  of  80 
feet  in  the  northeast  sector  of  the  array.  The  construction  of  the  various  acceptor  igloos  is  described 
in  Table  I,  and  steel-arch  construction  b illustrated  in  Figure  2.  Dinir  consi ruction  for  each  igloo  is 
described  in  Table  2,  and  door  types  arc  illustrated  in  Figure  3.  Door  details  of  Igloos  A.  C.  D.  and 
£ arc  shown  in  Figures  4 throughi  7. 


TABLE  1.  Igloo  Construction, 


Igloo 

Position 
rclativt 
to  donor 

Ltngth, 

ft 

Steel  arch,  floor, 
rear  mbII.  wing 
walls,  and  earth 
cover 

Headwall  type 

Headwall 

drawing 

A 

North 

20 

Remaining  from 
ESKIMO  1 

Navy  Type  II 

NAVFAC  dwg.  649^02 

B 

Northeast 

80 

All  new;  stt al  arch 
design  approximates 
fixe  and  shape  of 
Stradlev  igloo 

Stradley 

OCEstd  dwg.  33-15-61 

C 

East 

10 

All  new  ccnstruction. 
design  same  as 
ESKIMO  1 

Same  as  ESKIMO  I 

OCE  std.d  vg.  33  15-64 

D 

South 

20 

Remaining  from 
ESKIMO  1 

Some  as  ESKIMO  1 
except  for  door 
modif  icatiors 

OCE  std.dwg.  33-15-64 

1 

E 

West 

20 

Remaining  from 
ESKIMO  1 

Same  as  ESKIMO  1 
except  for  door 
modif  ications 

! OCEstd.dwg.  33-:5'64 
1 

Figure  2.  Cross  Sections  of  Sicel-Arch  Construction  for  ihe  Igloos  of  ESKIMO  II. 


TABLE  2.  Door  Construction. 


igico 

Nominal  door 
size,  ft 

Door  type 

Door  drawir>g 

Height 

Width 

A 

10 

8 

Double  leaf,  hinged 

NAVFAC  649-604 

B 

10 

10 

Btparting.  sliding 

OCE  ltd.  dwg.  33-15-61 

C 

10 

10 

Double  leaf,  hingad 

OCE  std.dwg. 33  15-64 

D 

10 

10 

Single  leaf,  sliding 

Black  & Veaich  urvHKnbered 
dwg..  25  0ci  1972 

E 

10 

10 

Double  leaf,  hinged; 
with  removable  steet 
beam  reinforcing 

OCE  Sid.  dwg.  33-15-64. 

modified  by  Black  A Veatch  dwg. 
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CX3UBLE  LEAF.  HINGED 


BtPARTING,  SLIDING 


zzz: 


~Z2 


SINGLE  LEAI-,  SLIDING 

Figure  3.  Types  of  Doors  Used  on 
ESKIMO  II  Igloos. 


Figure  4.  Doorway  of  Igloo  A.  Note  doer  Figure  5,  Interior  Surface  of  Door  on  Igloo  C. 

construction  and  door  arrestors  at  top  and 

bottom. 
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l ijiurc  6.  Door  and  Door  Opening  of  Igloo  D.  Rack  of 
acceptor  land  mines  (two  mines  are  hidden  by  the  diwr  on 
the  left)  in  place  prior  to  test;  acceptor  arrangement  is  typical 
for  Igloos  A.  D,  and  h.  • 


Figure  7.  Door  Opening  of  Uloo  E Showing  Steel  I-Beam.  Acceptor 
charges  in  place. 
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DONOR  CHARGE 

The  KSKIMO  II  explosion  source  was  ilesigncd  !o  approximate  the  blast  loading  expected  from 
an  earth-Ciwered  maga/inc  containing  500.000  pounds  of  explosives,  the  maximum  permiiled  m a 
single  niagj/ine  by  Department  of  Defense  explosives  safety  standards. 

In  late  l')7l  and  in  1972.  explosion  tests  were  conducted  in  the  United  Kingdom  on  model 
iglvH»N  (representing  tneir  prototypes  nominally  at  one-tenth  scale)  geometrically  similar  in  cxiernal 
features  to  U.S,  magazines. 

Because  bulk  explosives  (W  = 141  pounds)  were  used  in  the  UK  model  tests,  rather  than 

explosives  cast  into  heavy-walled  projectiles,  the  design  t:f  the  tSKIMO  II  explosion  source  was  b,ised 

primarily  on  the  loadings  measured  on  the  front  wall  of  a large!  magazine  10.4  feet  (2.0  X W’l  lo 
the  rear  of  the  donor  in  the  model  tests.  As  the  principal  criterion  for  the  ESKIMO  II  explosion 

stiurce  design,  the  observed  total  impulse  of  the  positive  phase  of  loading  was  selected,  on  the 

assumption  that  this  parameter  is  the  primary  determinant  of  the  velocity  with  which  diH>r  and 

headwall  material  will  move  into  the  magazine  and  act  as  the  agent  ot  explosion  communication 

upon  impact  with  the  contents  of  the  acceptor  magazine.  Tins  assumption  is  strictly  true  only  if  ilic 

major  portion  of  the  load  is  applied  within  a time  that  is  short  compared  with  that  required  for 

door  and  headwall  material  lo  traverse  the  distance  lo  acceptor  explosive  charges. 

Loading  unpulse  and  the  corresponding  positive-phase  dv,ation  values  at  model  scale  were 
increased  by  the  applicable  scale  factor  lo  obtJ'in  the  design  loading  for  the  ESKIMO  11  explosion 
source. 

The  positive-phase  impulse  load  of  72  psi-inscc  representative  of  observations  in  the  UK  model 
tests  was  multiplied  by  the  scale  factor  (500.000/141)^^^  = 15 J lo  obtain  the  corresponding  value 
;*,>plicablc  to  a full-scale  magazine  containing  500,000  pounds  of  explosives.. This  gives  l.lOO  psi-mscc, 
the  value  utilized  as  the  principal  criterion  in  determining  the  explosion  source  size  required  for 
ESKIMO  II. 

The  llnal  explosion  source  design  consisted  of  72  Ml  17  bombs,  each  weighing  750  pounds  and 
filled  with  Tritonal.  The  donor  charge,  containing  27.800  pounds  of  explosives,  had  an  expected  TNT 
equivalent  weight  of  approximately  24.000  pounds,  based  on  effective  TNT  weight  values  for 
Triional-filled  .Ml  17  bombs  as  shown  in  Table  of  Reference  2.  The  bombs  were  tightly  stacked  on 
their  sides  in  two  triangular  slacks  of  My  each,  with  each  succeeding  layer  stacked  in  the  spaces 
between  the  bombs  in  the  layer  below.  The  bombs  were  stacked  on  a steel  plate  I inch  thick  by  98 
inches  wide  by  approximately  156  inches  long.  The  two  stacks  were  arranged  so  that  the  bombs  in 
one  slack  were  in  basc-io-basc  contact  with  the  bombs  of  the  other  stack.  Figure  8 slums  the 
arrangement  of  the  completed  donor  charge. 

The  nose  fuze  well  of  each  bomb  was  primed  with  C-l  explosive  imbedded  with  a Priinacoid 
lead.  Two  groups  of  36  cords  (each  group  .serving  one  side  of  the  slack)  were  formed,  and  all  72 
Primacord  leads  were  of  the  same  length.  Electrical  initiation  of  each  Primacord  group  was 
accomplished  by  two  Engineer  Specials  blasting  caps. 

This  source  shape  was  selected  in  an  attempt  lo  reduce  directional  effects  and  to  aoproximaic  a 
hemispherical  aboveground  source.  After  adjustment  for  explosive  composition  and  bomb  case  effects, 
loading  calculations  performed  by  Ballistic  Research  Laboraturies  (Appendix  A)  for  this  explosion 
source  yielded  the  predicted  values  of  38  psi,  45.5  msec,  and  IJOO  psi-msec  for  the  .ncident 
overprcssc'*'  positive-phase  duration,  aid  headwall  impulse  loading,  respectively,  at  a distance  tif  147 
feel,  the  test  areni  radius  in  ESKIMO  II.  The  impulse  load  of  l.lOO  psi-msec  was  the  value  expected 
from  explosion  of  a full-size  earth-covered  magazine  filled  to  capacity  at  the  reduced  rear-to-froni 
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Figure  8.  Completed  Donor  Charge  Consisting  of  72  Ml  17  Bombs. 


separation  distance  of  2.0  X delemiined  in  ESKIMO  I. 

In  order  to  intercept  low-angle  primary  fragments  from  the  bombs,  an  earth  revetment  10  feet 
high  was  placed  around  the  stack  of  bombs,  with  the  inner  toe  delineating  all  four  sides  of  a 20-  by 
20-foot  interior  leveled  area.  The  crest  of  the  mound  was  3 feet  wide.  Figure  9 shows  the 
arrangement. 

See  Appendix  A for  additional  comments  concerning  design  of  the  donor  charge. 


ACCEPTOR  CHARGES 

High -explosive  acceptor  charges  were  omitted  from  Igloo  C (the  control  igloo)  and  Igloo  B. 
Twelve  MIS  !-*id  mines  were  used  as  acceptor  charges  in  each  of  the  other  three  acceptor  igloos. 
These  land  mines  were  positioned  in  two  rows  of  six,  one  approximately  3 feet  from  the  floor  and 
one  approximately  6 feet  from  the  floor  in  Igloos  A,  O.  and  E (designated  the  north,  south,  and 
west  igloos  in  ESKIMO  I).  The  land  mines  were  secured  on  the  edges  of  trays  so  that  the  bottom 
surface  (whole  diameter)  was  vertical  and  susceptible  to  possible  headwall  and  door  fragment  attack. 
In  each  row,  there  was  one  mine  on  either  end  that  was  opposite  the  concrete  headwall  Of  the 
magazine.  The  trays  were  so  positioned  that  the  acceptor  explosives  were  approximately  3 feet  from 
the  plane  of  the  inside  surface  of  the  headwall.  This  arrangement  of  acceptor  charges  in  the  igloos  is 
shown  in  Figures  6 and  7. 
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Figure  9.  Aerial  View  of  the  Test  Site  Prior  to  the  Detonation  Showing  the  Slack  of  Ml  17 
Bombs  Used  as  a Donor  Charge.  Also  visible  are  the  five  acceptor  magazines. 


FAR  FIELD  TEST  LAYOUT 


One  objective  of  the  test  was  to  acquire  additional  data  relating  to  selection  of  appropriate 
separation  distances  between  inhabited  buildings  and  public  highways  and  sites  for  handling  and 
storage  of  explosives.  To  obtain  these  data,  window  test  structures  and  common  types  of  veliicles 
were  placed  in  the  blast  and  fragment  field  in  accordance  with  plans  outlined  in  Figure  1 of 
Appendix  B. 


WINDOW  TEST  STRUCTURES 

Ten  wood  frame  cubes,  approximately  9 feet  on  a side,  were  constructed  in  the  shops  of  the 
Public  Works  Department.  The  cubes  served  as  structures  for  the  mounting  of  selected  typical 
window  frames  and  window  glass.  After  completion  of  shop  fabrication,  the  cubes  were  transported 
to  the  ESKIMO  II  site  and  installed  at  1,210,  1,700  (Figures  10  and  11).  and  .L400  feet  from  the 


10 


NWC  TP  5557 


Figure  12.  Glass  Fragment  Traps  *n  Pla^^  on  Back  Wall  of  Window 
Boxes  at  1 .700  Feet. 


donor  charge  center.  During  installation  the  cubes  were  bolted  together  in  groups  of  three  or  four 
and  secured  against  overturning  by  bracing  and  earth  Hll  on  the  rear.  Seven  of  the  10  cubes  were 
equipped  with  Styrofoam  witness  panels  (glass  fragment  traps  as  in  Figure  12),  provided  by  the 
Lovelace  Foundation  for  Medical  Education  and  Research,  under  IVWC  contract.  One  of  the  cubes, 
positioned  at  1,210  feet  from  the  donor,  contained  an  anthropomorphic  dummy  provided  by  the 
Lovelace  Foundation.  The  responses  of  the  dummy  and  of  the  window  in  front  of  the  dummy  were 
recorded  by  an  NWC  16-mm  camera  operating  at  approximately  400  frames  per  second.  Window  test 
cubes  were  constructed,  sited,  installed,  and  fitted  with  accessories  in  accordance  with  NWC  Dwg.  IR 
No.  74777/A.l  A-2,  Shop  Control  WO  57-282. 

For  information  on  test  results  for  these  structures,  see  Appendix  B. 
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VEHICf.ES 

Five  vehicles  were  placeii  si<JeH>n  lo  ihe  hbsi  at  710  feet  from  ihe  donor  on  ihe  northwest 
radial  line: 

1.  Volkswagen  sedan  (**bug**) 

2.  Dodge  station  wagon 

3.  Peugeot  sedan 

4.  Chevrolet  sedan 

5.  Defutter  tank  truck 

While  an  average  distance  of  730  feet  from  the  donor  was  maintained  for  all  five  vehicles,  the 
positions  of  individual  vehicles  were  staggered  so  that  tlie  cameras  situated  atop  the  instrument 
barricade  would  have  a clear  view  of  each  vehicle.  Tliese  cameras  recorded  vehicle  response. 

The  Dodge  statio«i  wagon  contained  an  anthropomorphic  dummy  previded  by  the  Lovelace 
Foundation.  Responses  of  the  dummy  located  in  the  driver's  seat  and  of  the  side  windows  adjacent 
to  the  driver  were  recorded  by  a I6>mm  camera  operating  at  400  franres  per  second. 

Two  vehicles,  a Lincoln  sport  sedan  and  a Volkswagen  niicrobus,  were  oriented  side-on  to  the 
blast  at  a distance  of  1.130  feet  on  the  northwest  radial;  and  one  vehicle,  an  Oldsmobile  sport  sedan, 
was  also  oriented  side-on  at  a distance  of  1.700  feet  on  the  same  radial.  Tameras  were  not  used  to 
cover  the  responses  of  these  three  vehicles. 

Two  vehicles,  a Po.itiac  sport  sedan  and  a Renault  sedan,  were  oriented  head-on  at  a distance 
of  730  feet  from  the  donor  on  the  southwest  radial.  Vehicle  response  was  covered  from  a camera 
atop  the  instrument  barricade.  Spacing  of  these  vehicles  was  staggered  to  facilitate  camera  coverage. 

Appendix  B discusses  the  responses  of  all  vehicles  to  the  test. 


AIRCRAFT 

The  B-29  aircraft,  previously  forated  at  l.'OO 
ESKIMO  I donor,  was  moved  to  a position  near  the 
from  the  center  of  the  ESKIMO  11  donor.  Holes  in 
was  partially  repaired. 


feet  and  330  degrees  azimuth  from  tlie  former 
northwest  radial  and  at  a distance  of  1.210  feet 
the  aircraft  were  covered,  and  the  damaged  tail 


INSTRUMENTATION 


PRESSURE  GAUGES  AT  OR  NEAR  IGLOO  HEADWALLS 

Table  3 describes  gauges  placed  to  record  side-on  prcvstiie  2 feet  forward  of  igliMi  iKudwalls  and 
2 feet  off  igloo  centerlines  at  ground  level.  The  table  also  describes  gauges  used  to  measure  reflected 
pressure  in  wingwalls  or  headwalls  approximately  4 feet  above  tlK  ground  surface. 
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TABLE  3.  Plac«mtnt  of  Gauges  at  or  Near  Headw^lts. 


G«u99« 

Igloo 

Pott  ton 

Numbtf 

Typo 

Rating,  pti 

M«k.  calibration  ttap. 

A 

Wingntad 

2 

Kittlor^ 

5 to  500 

150 

A 

Ground 

1 

Ktttliw 

0 to  too 

IOC 

h 

2 

Kittlof 

0 to  500 

150 

B 

Ground 

1 

Kiftlof 

Otr  lOO 

100 

C 

1 

1 

X 

1 

KittWr 

0 to  500 

150 

c 

KMdVMli 

1 

KtHlir 

0 to  5.000 

150 

c 

Ground 

1 

Kttllor 

0 to  too. 

100 

0 

1 

Kittlor 

0 t o 500 

150 

0 

HMdMoa 

1 

Kittttf 

Oto  5.000 

150 

D 

Ground 

1 

Kittlor 

0 to  too 

100 

E 

MMdMtail 

2 

Kittlor 

10  to  3.000 

150 

E 

Ground 

1 

Kittlor 

0 to  100 

100 

E 

Ground 

t 

Bytrtt  ^ 

Oto  150 

100 

* All  Kiitl«f  9«uget  art  pvtrotitctric. 
^ Stratn  gaugt  tyot. 


FAR  FIELD  PRESSURE  GAUGES 


Ballistic  Research  Laboratories  (BRL)  self-recording  mechanical  gauges  were  placed  in  pairs  at 
730.  1,130,  1,210.  1,700,  and  3,400  feet  on  the  northwest  radial  and  at  730  feet  on  the  southwest 
raual.  These  are  positions  also  designated  for  vehicles  or  window  test  cubes  or  both;  care  was 
exercised  to  assure  that  structures  or  vehicles  did  not  shield  the  gauges.  Gauges  were  not  closer  than 
20  feet  to  any  vehicle  or  structure  mea;Uied  perpendicularly  to  the  ladial  from  the  donor  center. 
The  selection  of  gauge  capsules  was  based  on  the  following  schedule: 


Distance  Expected  peak 
frttm  donor  overpressure,  psi 


Capsule  ratmg. 
psi 


730 
1. 1 30 
1.210 
1.700 
3.400 


2.4 

5.0 

1 75 

5.0 

1.2 

5.0  and  1.0 

0.75 

1.0 

0.29 

0.5 

ACCELEROMETERS 

Acceleron*eters  were  placed  at  mid-height  near  the  free  edge  of  each  leaf  of  each  hinged  door 
and  at  a similar  position  (near  mating  edges)  of  biparting  sliding  doors.  For  the  single  sliding  door 
(Igloo  D)  two  acederonteters  were  symmetrically  placed  approximately  12  inches  apart  near  the 
centroid  of  the  frontal  area. 
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UNEAR  MOTION  TRANSDUCERS 

;:jrpr  r.rr/.r::’^ ...  rtipizr:; 

rfcdml  Doint  of  metsuitment. 


TERO  TIME  INDICATOR 


,.  An  to«z«iion  probe  or  **'"*  ^“^  «ow.rd  the  bomb  lUck  and  shkWed 

2.  A li|hl  *en*ln|  devla  mounted  atop  Igloo  D.  directeo  tow 

from  Ughi  not  origliwtuig  from  the  bomb  itack 
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PHOTO-OPTICAL  COVERAGE 

Photographic  records  of  the  test  were  obtained  by  6 high-speed  (up  to  5, (XX)  frames  per 
second)  16-  and  35-mm  ground-based  cameras  and  by  other  cameras  operating  from  24  to  1,000 
frames  per  second.  Most  cameras  were  located  1,500  feet  to  the  west  and  south  o^  the  test  site; 
16-mm  cameras,  operating  at  400  frames  per  second,  were  used  »o  cove;  the  response  of  the 
dummies  in  one  vehicle  and  one  window  cube.  Sn  additiim,  response  of  the  vehicles  was  obtained  by 
35-mm  cameras  operating  at  500  to  600  frames  per  second. 

Aiiivjme  motion-picture  or  seqiKncing  type  cameras  weie  also  used.  Dlack-and-white  and  color 
pictures  of  pretest  and  post -test  conditions  were  taken  by  still  cameras  as  necessary  for 
documentation. 

Oblique  views  of  the  headways  of  ;he  donor  and  the  five  acceptor  igloos  were  obtained,  as  well 
as  overall  views  of  the  entire  site.  Photography  of  the  interior  of  the  igloos  showed  the  inward 
collapse  jf  the  doors. 


TIMING 

A timing  correlation  at  1.000  cps  was  recorded  on  all  tape  records  of  Kistler  and  Bytrex 
gauges,  accelerometers,  and  motion  transducers,  and  on  motion-picture  film  records  of  cameras 
operating  at  400  frames  per  second  or  higher. 


ESKIMO  II  DETONATION 


At  1100  on  22  May  l')73,  the  donor  charge  was  detonated.  The  explosion  source  in  ESKIMO 
II  was  designed  to  produce  an  impulse  load  of  1,100  psi-msec  on  each  of  the  acceptor  igloo  fronts, 
with  an  initial  peak  reflected  pressure  of  130  psi.  Measurements  of  blast  loading  made  during  the  test 
show,  however,  that  the  actual  loadings  were  significantly  higher  than  the  design  level,  and  exhibited 
strong  directional  effects.  The  measured  impulse  loads  ranged  from  UOO  psi-msec  with  an  initial 
reflected  peak  of  about  2(X)  psi  on  Igloo  E (west*,  to  2,200  psi-msec  with  an  initial  peak  of  270  psi 
on  Igloo  D (south).  The  reasons  for  the  strength  and  directionality  of  the  near  field  blast  loading  arc 
not  clearly  understood.  However,  similar  effects  have  been  observed  in  prior  tests  using  donors  of 
cubical  and  other  plane-faced  configurations. 

The  high  blast  loads  observed  in  this  event  demonstrate  the  difficulty  in  designing  an  explosion 
source  froir.  available  surplus  ammunition  to  produce,  accurately  and  rcpeatably,  a specified  level  of 
loading  for  test  purposes. 


TEST  RESULTS 


Based  on  fragment  aze  and  presently  available  data  from  gauge  rcc*uds,  it  is  believed  that 


IG 


Fifiixt  14.  Teit  Site  After  DetofudoA.  Note  that  earth  itvetmeat  aro«ind  donor  reaiaim 
CMitkDy  intact.  D Maiazine  If  in  the  hackgroiind. 


complete,  or  essentially  complete,  detonation  was  achieved.  The  crater  produced  was  basically  a 
deepening  of  the  20*  by  20*foot  area  within  the  four*iided  earth  embankment  surrounding  the  donor 
charge.  The  interior  sides  of  the  embankment  were  eroded  only  sli^tly  and  the  top  of  the 
embankment  was  not  breached  by  the  explosion  (Figure  14),  Varying  amounts  of  structural  damage 
were  incurred  by  the  test  magazines.  Details  on  this  damage  are  presented  with  illustrations  in  the 
following  sections. 


OBSERVED  STRUCTURAL  RESPONSE 


Igloo  A (North) 

On  Igloo  A,  the  standard  U.S.  Navy  headwaU  and  door  combiiution  was  tested  at  a blast 
impulse  loading  about  60%  greater  than  the  test  design  level.  Despite  this,  none  of  the  12  acceptor 
charges  received  sufficient  damage  to  induce  burning  or  explosion;  however,  some  of  the  charges  were 
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severely  dimafed  ind  broker  open  to  release  fragmented  explosive.  Igloo  structural  response  was  as 
follows: 

1.  The  doors  were  fo;ced  inward,  bending  to  pass  the  door  stops,  and  were  separated  from 
their  hinges,  coming  to  rest  in  the  corresponding  forward  comers  of  the  igloo. 

2.  The  concrete  headwall  was  severely  cracked.  Fragments  spalled  completely  from  portions  of 
the  wall,  leaving  only  the  reinforcing  mesh  in  place  (Figures  15-17). 

3.  Steel  door  stops  at  the  top  and  bottom  of  the  door  opening  remained  intact.  The  door 
jambs  were  separated  from  the  concrete  headwall  except  at  the  extreme  top  of  the  door  opening. 


Igloo  B (Northensf) 

Igloo  B,  also  subjected  to  blast  impulse  loading  60%  greater  than  the  design  level,  did  not 
contain  explosive  acceptors.  Damage  was  as  follows: 

1.  The  relatively  li^t  gauge  steel  sheets  that  had  been  plug-welded  to  the  inside  faces  of  the 
door  leaves  were  ^.tripped  off  (Figure  18).  (In  most  storage  sttuatioru,  initiation  of  explosives  by 
impact  of  these  slieets  would  be  unlikely.)  The  inboard  support  trolleys  were  also  detadied,  allowing 
the  inner  door  edges  to  swmg  into  the  door  opening.  The  cutboard  trolleys  also  detached  from  the 
support  rail,  but,  despite  severe  deformation,  the  doors  remained  upright  (Figures  19  and  20). 

2.  Modest  damage  o the  headwall  was  sustained  (Figures  21  and  22).  Cracking  of  the  headwall 
was  most  pronounced  at  the  top  comers  of  the  door  opening,  especially  at  the  right  side  (from  a 
position  facing  the  igloo).  Some  spalling  occurred  on  the  inside. 


Fifure  15.  Door  Opening  of  Igloo  A Showing  Two  Land  Mines  (Acceptors)  Where  They  Cune 
to  Rest. 
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Figurt  16.  Dimiged  Hesdwall  Inside  Igloo  A, 
East  of  Door  0^nin%, 


Figure  17.  Damaged  Headwall  Inode  Igloo  A. 
West  of  Door  Opening. 


FlgtJre  IL  Sled  Sheet  From  Inside  FaiT  of  Igloo  B I>w»r. 
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Figure  19.  From  of  Igloo  B Showing  Damage  to  DiK»n  and  IJcaduall. 


Figure  20.  Damaged  Doors  and  I lead  wall  of  Igloi'  B. 
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Figure  21.  Doorway  of  Igloo  B Showing  Damaged  Headwatl  and  Doors. 


Figure  22.  Inside  Surface  of  Headwall  in  Igloo  B.  Also  shown  is  the  linear 
motion  gauge  still  in  place  above  the  doorway. 
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Igloo  C (East) 

Igloo  C was  built  with  the  headwall  and  door  coml>h.»%ion  (Figure  5)  for  the  current  standard 
steel-arch  magazine.  The  igloo  was  identical  to  the  structures  tested  in  ESKIMO  I.  It  was  included  in 
ESKIMO  11  for  test  control  and  comparison  purposes. 

Igloo  C did  not  corttain  explosive  acceptor  charges.  Structural  damage  was  as  foUows: 

1.  The  doon  were  thrown  inward  by  the  blast  and,  after  experiencing  considerable  bending  and 
distortion,  they  came  to  rest  in  the  interior  of  the  igloo  (Figures  23-25). 

2.  The  headwall  cracking  pattern  resembled  that  of  the  igloos  of  ESKIMO  I (Figures  26  and 
27).  The  permanent  deformation  incurred  was  greater  than  that  experienced  by  either  the  south  igloo 
or  the  right  side  of  the  west  igloo  of  ESKIMO  1, 


Figure  23.  Overall  Post-Test  View  of  Control  Igloo  C. 
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Figure  26.  Inside  Doorway  of  Control  Igloo  C Showing  Damage  to  Inode  of  HeadwaD. 


Figure  27.  Damaged  Head  wall  of  Control 
Igloo  C.  Crumpled  door  and  plates  are 
vfeible. 
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Igloo  D (South) 

Tlie  acceptor  land  mines  in  Igloo  D were  somewhat  damaged,  but  to  a lesser  degree  than  tho^ 
in  A and  b (Figures  28  and  29).  No  burning  occurred.  Structural  damage  was  as  follows: 

1.  Hie  one-piece,  trolley -suspended,  steel  door  was  designed  to  span  the  door  opening 
lion/ontally  under  blast  loading,  thus  making  the  sides  of  the  door  opening  the  reaction  lines  for  the 
loading.  The  basic  portion  of  this  newly  designed  door  maintained  its  integiity,  with  rather  minor 
distortion.  Tlie  bow  in  the  door  was  approximately  9 3/4  inches  at  the  bottom  edge.  Figures  .^0  and 
31  sliow  damage  to  locking  mechanism  and  trolleys. 

2.  Essentially  all  of  the  portion  of  the  headwall  that  adjoined  the  interior  magazine  space  (the 
space  under  the  arch)  was  destroyed  (Figures  32-34).  It  is  believed  that  the  headwall  carried  all  the 
blast  load  impinging  on  the  headwall  and  door  and  did  not  benefit  by  the  load  relief  afforded  at  the 
other  magazines  by  door  failure  or  rotation.  Hie  upper  corners  of  the  Iwadwall  nu)ved  forw-ard  about 
3 inches. 


I igurv  28.  Insklv  lyitoo  t)  Showing  Ain.'cptur  L..nd  Mine  PjribUy  Uiulcf  the  DtH>r.  Blast  blew 
dtMtr  inward. 
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Figure  29.  Debris  on  Floor  Inside  Igloo  D.  None  of  the  mines  burned  or  exploded. 


Figure  30.  Door  Locking  Mechinism  for  Igloo  D Showing  Method  of  Failure.  As  door 
buckled  inward*  the  piece  of  locking  mechantsn  under  head  of  pin  was  tom  off. 
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Figure  31.  Overhead  Dimit  Tn>ttry»  Krufn  l|EkH»  D.  B«»th  h*n^r  U>4t«  fatted  in  lemiun. 


Figure  32.  ||tk)o  D After  ib»i  Showinir  Damaitr  to  Conaete  tkadwalt  and  to  Door 
Frame. 
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Film  33.  Lookini  Into  ||k>o  D From  Doorway  Showtfift  Shaltertd  Headwall  and 
Warpod  Door.  None  of  the  12  mtnei  in  thii  nufca/ine  expk*ded  or  burned;  one  was 
bndJy  shattered. 


Tunire  34.  Shattered  Headwal  F4ist  of  Door  InaMc  ||loo  D. 
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l^loo  E (West) 

Igloo  E wm  of  the  mne  oonttniction  at  the  igloot  of  ESKIMO  but  the  doon  were 
strengthened  by  the  addition  of  a movable  structural  beam  that  spanned  the  opening  beliind  the 
ituor.  The  igioo  was  subjected  to  an  impulse  load  only  sli^tly  gieater  than  the  test  design  level,  yet 
the  headwall  sustained  signifkantly  greater  damage  than  the  headwall  of  lg!oo  C. 

Eight  of  the  12  land  mine  accepton  burned;  however,  there  was  no  way  to  determine  how 
many  of  these  were  burned  as  a result  of  fragment  attack  and  how  many  were  burned  as  a result  of 
heat  generated  by  burning  explosive  (Figures  35  and  36).  Structural  damage  was  as  follows: 

1.  The  large  steel  beam  that  spanned  the  door  opening  horizontaUy  and  that  was  planned  to 
support  the  door  under  blast  loading  failed  at  points  of  attachment  to  the  headwaU  (Figures  37  and 
38).  (There  was  an  apparent  tension  failure  in  the  two  3/44nch  bolts  attached  a!  the  side  of  the 
headwall.) 

2.  The  doors  were  supported  against  blast  loading  at  the  hinges  and  at  the  top  and  bottom. 
Further  door  support  was  provided  by  bearings  on  stops  welded  to  the  head  of  the  door  and  by  a 
round  steel  rod  projecting  inward  and  bearing  on  the  sled  beam.  During  the  test  the  doors  were 
dislodged  and  thrown  to  the  back  of  the  magazine.  Door  deformation  was  of  moderate  degree  and 
was  consistent  with  the  location  of  the  support  points  (Figure  39). 


Figure  35.  Eumed-out  Mint  Caw  to  Ifloo  E*  Abo  shown  art  one  damag^  door  and  tlM  larfc 
beam  uwd  as  door  restrbnt 
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Fifurf  16.  Vievr  of  Interior  of  Ifkx)  E Showinf  Mms  »l  ftenr  Wai.  Eight  of  the 
acceptor  bnd  imnct  burned  along  thii  rear  wall.  Railroad  rail  hanging  down  in 
foreground  nipported  the  ttnecr  motion  gauge. 


► N * 


Figiift  37.  Twitted  I4team  Recovered  From  Igloo  E.  Thia 
beam  wat  bolted  to  door  frame  to  provide  additimial 
restraint  to  door. 


•\ 


Fifurt  39.  RenulM  of  Left  Door  Aloi*  Sooth  Wdl  lnid«  l«io«  E. 
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F^wt  3<.  Ned  Afiintt  Rear  Wal  An  Renuinr  of  One  Door  and  Lante  Steel 
Se«n  Dead  to  Remain  Doan  on  Ifioo  E.  Note  abc  diacoloratioa  of  wall  where 
ninet  burned  on  floor. 
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3 T1»  ,«  to.  to.  0»t  of  Woo.  A D.  bo.  ■orto'..oto  to.  to 

f .JL  c fLto  «)  Th.  ponloo  of  ltod..«  *0..  0«  to.  openin.  ..petocrt  . ^ 
* U.0  toto  of  a,  -oo,  .pto.  .b.  aoo,  OOP..  A.toW  to  - to. 

backward,  the  door  flops  remained  attached  (Figure  41). 


FipiTt  40.  ChtM  View  of  Woo  E.  Note  smudr  over  the  door  reruiang  from  mine*  hivini 
burned  inside. 


Fifure  41.  Door  Stop*  Bent  Beckwiid  Over  Doorway  of  Ifloo  E. 
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STATIC  MEASUREMENTS  OF  STRUCTURAL  RESPONSES 
Arch  Modon  in  Igloo  B 

Three  simple  scratch  pugts  were  installed  in  an  attempt  to  secure  an  approximation  of  the 
nwvtment  of  points  on  the  noncircular  arch  at  the  igloo  mid-posttion,  that  is,  halfway  between 
forward  and  rear  walb.  One  gauge  rod  extended  vertically  from  the  center  of  the  floor  to  a point  at 
the  crown  of  the  arch.  Two  others  were  inclined  at  an  angle  of  approximately  30  degrees  from  the 
vertical,  one  on  each  side  of  vertical.  Total  dynamic  movements  in  feet  relative  to  the  floor 
attachment  during  the  blast  were  as  follows: 

North  Vertical  South 

0.076  O.IS  0.05 


I 


The  vertic^  height  at  the  center  was  restored  to  a permanent  deformation  of  0.11  foot. 


Permanent  Deformation  of  All  Headwalls  and  Arch  Deformation  in  Igloo  B 

The  permanent  deformation  of  headwalls  (Figures  42*44  and  Tables  4 and  5)  and  of  the  steel 
arch  in  Igloo  B (Figure  45  and  Table  6)  was  determined  by  **before^  and  **after**  measurements  of 
selected  positions.  Headwalls  were  measured  from  a vertical  plane  approximately  3 feet  away  from 
the  wail  surface  established  by  monuments  outside  the  immediate  blast  area.  Figure  44  graphically 


Fifurc  42.  Potitioii  Key  for  Deformation  Meaiurementt,  Igloo  D Headwall. 
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compares  deformations  of  headwalls  of  the  south  igloo  of  ESKIMO  I and  Igloo  C of  ESKIMO  11. 
Differences  between  average  blast  load  parameters  for  these  two  igloos  are  recapitulated  below: 


Peak  overpressure^  psi 


igloos  Incident 

South  igloo* 

ESKIMO  I 33 

Control  Igloo  C. 

ESKIMO  II  60 


Impulse, 
Reflected  psi-msec 

61  619 

245  1.4«0 


The  arch  measurements  were  made  from  a steel  ball  (trailer  hitch)  screwed  into  a female  attachment 
fixed  to  the  door  of  Igloo  B,  so  that  the  measurements  shown  reflect  relative  movement  between  the 
floor  and  zzch. 
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Fipire  44.  Comparison  of  HeadwaO  Dclormatbns,  South  Igloo  of  ESKIMO  1 and  Control  Igloo 
C of  ESKIMO  II. 
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TABLE  4.  Summary  of  Haadwall  Permanent 
Movement  In  Feet  for  Igloos 
A,  C,  0,  and  E. 
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TABLE  5.  Igloo  B Headwall 
Permanent  Movement  in  Feet. 


N^eativt  vekiM  Indicata  outward  daformation;  Negativa  valuai  Irxlicaia  outward  daformation;  potitiva 

poattiva  valuat.  inward.  For  locatioiu  of  positions  valuti.  Inward.  For  locationt  of  positrom  maaaurad,  saa 
maasurad.  saa  Figura  43.  Figura  42. 


Position 

idantification 

Igloo  A 

Igloo  C 

Igloo  0 

Igloo  E 

Position 

idantification 

Daformation 

Position 

idantification 

Daformation 

1 

-0.20 

-0.16 

-0.26 

-0  19 

1 

-0.03 

28 

0.17 

2 

- .20 

- .12 

- .25 

- .16 

2 

.01 

29 

.22 

3 

- .11 

- .10 

- .14 

- .12 

3 

OO 

30 

.01 

4 

- .01 

- .05 

- .07 

- .06 

4 

- .06 

31 

.02 

5 

.01 

- .03 

- .07 

- .07 

5 

.00 

32 

.02 

6 

.00 

- .07 

- .06 

- .08 

6 

.00 

33 

.02 

7 

- .10 

- .11 

- .15 

- .16 

7 

.00 

34 

.03 

8 

- .21 

- .22 

- .23 

- .22 

8 

.01 

35 

.04 

9 

- J20 

- .23 

- .26 

- .23 

10 

- .11 

- .11 

- .16 

r .C3 

9 

02 

36 

.04 

10 

00 

37 

.08 

11 

.01 

.05 

.02 

.03 

11 

.02 

38 

.09 

12 

.09 

.20 

.10 

.14 

12 

.03 

39 

12 

13 

.11 

.27 

.15 

.28 

14 

.07 

.17 

.12 

.17 

13 

.05 

40 

.14 

15 

.03 

.03 

.04 

.01 

14 

.11 

41 

.10 

15 

.15 

42 

.01 

16 

- .09 

- .12 

- .14 

- .10 

16 

.14 

43 

.03 

17 

- .01 

- .03 

.02 

.00 

18 

.14 

.20 

.29 

.13 

17 

.08 

44 

.01 

19 

.16 

.44 

.53 

.50 

18 

.04 

45 

-.02 

20 

.17 

.64 

1.24 

1.19 

19 

- .03 

46 

.03 

20 

- .03 

47 

.03 

21 

.17 

.46 

missing 

.58 

22 

.22 

.16 

.27 

.15 

21 

- .03 

48 

.06 

23 

JQ7 

- .02 

.04 

.00 

22 

02 

49 

.06 

24 

.19 

J02 

.11 

.06 

23 

.01 

50 

.05 

25 

.72 

.29 

1.05 

.30 

24 

.02 

51 

.10 

26 

.84 

.42 

missing 

.79 

25 

.21  1 

52 

.10 

27 

.75 

.55 

missir>g 

.74 

26 

.16  1 

53 

0.07 

28 

.65 

.27 

263 

.34 

27 

0.19  1 

.10 

n*i 

.18 

.08 

30 

.03 

•IM 

- .03 

.03 

- .06 

31 

.01 

- .03 

.01 

- .12 

32 

.06 

.05 

missing 

.28 

33 

.05 

.22 

missing 

.15 

34 

.03 

- .02 

.76 

- .25 

35 

0.01 

-0.03 

001 

-0.03 
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Figure  45.  Position  Key  for  Measurement  of  Arch  Deformations  on  Igloo  B. 


TABLE  6.  Permanent  Arch  Deformations 
of  Igloo  B in  Faet. 

Figure  45  illustrates  locations  wrhtre  deformations  were 
measured. 


Lint 

Arch  posltiont 

1 

2 

3 

4 

5 

A 

OjOI 

0.07 

0.12 

0.05 

-0.01* 

B 

.00 

.03 

.11 

.05 

.00 

C 

0.01 

0.03 

0.06 

0.02 

0.00 

* Negative  value  indicates  outward  deformatiort. 


FRAGMENT  COLLECTION  AND  ANALYSIS 


Fragment  CoOection 

In  the  ESKIMO  I test,  three  5-degree  sectors  (shown  in  Figure  13  of  Reference  1)  were  cleared 
of  vegetation  and  debris  for  fragment  collection  by  a magnet  truck  driven  over  the  sectors. 
Additionally,  a number  of  50-  by  50-foot  and  100-  by  100-foot  areas  were  laid  out,  and  fragments 
were  collected  in  these  areas  by  foot  search  and  hand  pickup.  The  manual  method  of  collection  was 
considered  to  be  more  thorough  than  magnet  collection  in  areas  where  the  smallest  fragments 
weighed  approximately  0.05  pound. 

For  ESKIMO  II,  collection  by  magnet  truck  was  not  attempted.  Instead,  many  of  the  hand 
pickup  a'eas  searched  in  ESKIMO  I were  searched  again  for  fragments  after  ESKIMO  II.  Additionally, 
new  hand  pickup  areas  were  laid  out  and  searched  in  the  5-degree  magnet  pickup  sectors.  Some  new 
search  areas  were  laid  out  and  examined  in  areas  previously  unused  in  ESKIMO  I.  Table  7 identifies 
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TABLE  7.  Art«t  U$«d  in  Fragmtnt  Collection. 


Oitunot  from  6onor  ctnttr  to  contor  of  coWocttoo  mm,  ft 


Sin  of  collactlon 
•rta.  ft 

North, 
356  (tag 

Southwti, 
135  dig 

South, 

174  d«f 

Wmx, 
266  (Uf 

Northwati, 
330  doa 

BOX  50 

1,225 

775 

1,025 

... 

. . . 

1.425 

1,175 

1A25 

... 

... 

1,625 

1,375 

• . . 

... 

» . . 

• . . 

1,575 

. . . 

. . . 

... 

. . . 

1,775 

... 

... 

SOX  100 

1,025 

1,000 

... 

... 

1,556 

... 

... 

... 

... 

100  X 100 

1.850 

2,050 

1,750 

1,950 

. • . 

1,950 

2,150 

1,850 

2,050 

... 

2,050 

2,250 

2,050 

2,150 

... 

2,150 

2,350 

2,150 

2,250 

. . . 

2,250 

2,450 

2,250 

2450 

... 

2,350 

• 

2,450 

2,450 

100  X 230 

... 

... 

2,950 

... 

... 

the  areas  searched  in  ESKIMO  11.  In  all  cases  it  was  Important  to  distinguish  between  ESKIMO  1 and 
ESKIMO  II  fragments,  particularly  so  in  those  areas  in  which  fragments  had  not  been  picked  up  after 
ESKIMO  I.  It  should  be  noted  that  the  ESKIMO  I search  techniques  were  imperfect  and  that 
fragments  from  that  test  were  found  despite  prior  attempts  to  pick  the  areas  clcin.  This  was 
particularly  true  in  the  magnet  pickup  sectors. 

The  foot  searches  and  manual  pickups  in  ESKIMO  I and  ESKIMO  II  were  conducted  by  two 
men  moving  in  mutuaDy  perpendicular  paths.  In  areas  of  soft,  loose  earth,  ail  fresh  craters,  even 
small  ones,  were  probed  for  fragments.  The  craters  often  yielded  metal  fragments  not  visible  without 
probing. 


Fragment  Analysis 

In  fragment  analysis,  the  priiKnpal  emphasb  was  placed  on  producing  data  that  would  identify 
fragment  hazards  in  various  directions  from  the  donor  stack  by  comparison  with  existing  standards. 
An  additional  objective  was  the  presentation  of  data  in  a manner  that  would  facilitate  additional 
analysts  in  the  event  it  was  desired  to  vary  either  the  fragment  density  criterion  or  energy  level 
criterion  in  the  standards. 

The  graphs  shown  in  Figures  46  through  48  were  derived  to  show  the  increase  in  the 
cumulative  number  of  fragments  per  10,000  with  decreasing  fragment  weight  for  various 
collection  distances.  Because  the  donor  stack  was  symmetrical  north-south  and  east^west,  the  data 
from  the  north  and  south  collections  were  combined;  stmflarly,  the  northwest  and  southeast  data 
were  combined.  In  neither  case  were  the  collection  areas  directly  opposite;  however,  the  angular 
deviation  from  direct  opposition  was  not  considered  significant. 

Figures  49  through  51  show  variations  in  the  number  of  fragments,  equal  to  or  above  specific 
weight  levels,  per  10,000  ft^  for  various  distances  away  from  the  donor  suck.  These  figures  are 
plotted  for  fragment  weight  levels  of  0.08  and  0.28  pound. 
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fragments  per  10,000  FT 


Fifurt  46.  Cumuhtivc  Numbor  of  Fragments  pcf  10.000  Vemis  Weight  in  POundi  for 
Various  Westerly  Disunccs  From  the  Donor. 


F^re  47.  Cumulative  Number  of  Fri^mefits  per  10.000  Versus  Weight  in  Pounds  for 
Various  Southeasterly  and  Northwesterly  DHunccs  Fn»m  the  Donor. 


:j9 


A.J.  1 Lli- 


NWC  TP  5557 


WEIGHT.  LB 


Fifcure  48.  Cumuhth«  Numbm  of  Fraftmentt  pet  lOXKK)  Vmu*  Wr%ht  in  Pounds  for 
Various  Southerly  and  Northerly  Dtiuncet  From  the  Donor. 


The  selection  of  the  0.28-pound  level  was  based  on  the  following  rationale: 

1.  The  present  DDESB  criterion  for  exposure  of  unprotected  personnel  to  hazardous  fragments 
stipulates  an  acceptable  density  of  not  more  than  one  per  600  ft^,  a hazardous  fragment  being 
defined  as  one  having  a kinetic  energy  of  58  ft-lb  or  greater.  By  analysis  of  ballistic  trajectories,  it 
can  be  shown  that  fragments  reaching  large  distances  from  an  explosion  strike  the  ground  surface  at 
approximately  their  terminal  velocity  in  free  fall. 

2.  The  distribution  of  fragments  in  this  test  made  it  of  interest  to  investigate  the  safe  fragment 
distance  based  on  the  above  criterion.  From  Figure  3 of  Reference  3,  the  value  of  0.28  pound  was 
derived  as  the  weight  of  a 58-ft-lb  fragment  moving  at  terminal  velocity.  Figure  66  of  Reference  I 
shoV)^  the  limits  of  fragment  hazard  for  the  ESKIMO  I test,  based  on  the  above  standards. 

The  choice  of  the  0X)8-pound  level  was  also  derived  from  Figure  3 of  Reference  3 for  a 
fragment  with  1 1 B-lb  of  kinetic  energy  (a.i  energy  criterion  recommended  by  some  investigators) 
moving  at  terminal  velocity. 
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OISTANCC.  FT 


F^r«  51.  Nymbcf  of  Fr^menit  pet  I0.<H10  Vern»  DHUm**  Weu  of  Oomw. 
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bAnniiutiofi  of  Fi^m  4*>  ihroufh  51  ihows  that  ixme  of  the  fraitmeni  aicii  ^earchcJ  pnmdetl 
a density  of  more  thin  one  O^-potmd  frafcment  per  hOO  ft*.  Fraftmeni  densities  of  one  0.08'pound 
fraftment  per  600  ft^  were  encountered  approsunuteiy  as  lolhm^. 


DATA  DERIVED  FROM  INSTRUMENTATION 


Event  Times 

With  the  excepikHi  of  data  derived  frtmi  BRL  self-reciHdint  gju|^.  all  data  were  recorded  a 
time  base:  tlindaid  IRIG  Formal  B for  the  motion  pK'tures.  and  binary  coded  l.0U04>eri/  iimin|E  fin 
maitnetk  tape  data  from  piezoelectric  blast  paupes.  linear  rm^ion  transducers,  and  accelerimieiers. 

Test  event  times  derived  from  assessment  the  piezoelectric  paupe  data  and  acceler«Hiteter  data 
were  based  on  a zero  time  pulse  indwatum  derived  from  an  hmi/aiHHt  prtdse  buried  in  the  dimor 
stack.  A backup  attempt  to  derive  zero  time  from  a lipht  sensing  device  niiHinied  atop  IpUHi  O dkl 
not  produce  a consistently  pood  sapnal. 

MoCk>n-ncture  Pholognphy 

The  main  test  event  was  recorded  ph4»ti>praphically  by  griHindhased  16-mm  and  .^5*mm  cameras 
usnp  color  film.  Film  speeds  were  vaned  ftimi  10  frames  per  sectHid  hu  S4>me  overall  viewr  to  l.tXX) 
frames  per  second  for  cameras  placed  in  the  magazines  to  4..^X)  frames  per  second  fiH  exterior 
cameras  focused  on  headwalls  and  dtHirways.  Ihe  cameras  iiperaied  as  planned;  ht>wever.  many  of  the 
exterkn  photographs  lacked  crispnevs  because  of  thermal  air  effects  asMK'iaied  with  the  season  of  the 
year  and  the  time  of  day.  Addilii>nally  phiitotlash  li||htrng  used  within  the  ipliHis  was  n4>t  properly 
timed. 

Motion  Instrumentation 

LiiKar  motkm  transducers  ptisiiioned  to  measure  movement  of  the  concrete  headuall  above  or 


Ditectkm  fhm  i/onoz 


Diumcf  frtm  ft 


N«>riti  Mid  itHiih 
West 

Nofthwesi  *fid  «tMiihr40 


t.aoo 

I.Votl 

1.7011 
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TABLE  B.  Summiry  ol  Lio«r  Motion  TranKfuctr  0«U. 


Ifloo  locaiMMi 
tfnUMCvrt 

Mas. 

ft/MK 

Av  ¥«aocftv 
frem  milial 
MMloiite  pwA 
— toftion, 
ttAwc 

Tsnt  from 
ol  fMMieil  fO  liWB. 

svSocilv.  MWK 

Av.  iccWtrliow 
ffONi  milioi 

metioii  to  MS. 
volocitv.g 

A 

13J 

10.80 

40 

Door  ttops  at  haad  of  door; 

ooncraia  hauncfwt 
from  hoadwoll  to  roof. 

g 

14J 

10.40 

17.00 

38 

Rtinforetd  conerttt 
nroioction  abova  door 
optoiof  to  ttifftn 
KaadwoM. 

C 

33J 

31.80 

8.7S 

183 

Sioal  down!  to  rwMt  door 
movamant  at  top:  taw 
alfoctiva  tfion  door  ttopt 
ol  odiar  iploot. 

0 

agjg 

34.10 

7.80 

188 

Haoirv  onopiaca  staal  door 
ovortappifif  door  opaninp 
at  top. 

i 

44.1 

32.90 

8.10 

734 

Door  ftopt  at  lop  of  door 
opaninf:  ddtonad.  but 
ramaloini  in  placa.  Enargy 
trantfar  from  door  to  top 
ol  haadwaH  baiiavad  mor# 
complata  than  in  othar 
iploot. 

near  the  center  of  the  doorways  of  the  five  acceptor  igloot  recorded  data  from  which  motion  values 
listed  in  Table  8 were  derived.  The  larpe  variation  in  motion  values  among  igloos  is  attributed  to  the 
differences  in  headwall  construction  and  in  doorstop  devices  for  inhibiting  the  movement  of  the  tops 
of  the  doors  rditive  to  the  concrete  headwalls.  Brief  descriptions  are  given  in  the  Remarks  column 
of  this  table,  and  photographs  and  tabulation  of  wall  movements  measured  statically  appear  in  other 
sections  of  the  report. 

Data  derived  from  accelerometers  are  shown  in  Table  9.  In  general,  the  first  motion  after  zero 
time  b consistent  vrith  the  arrival  of  the  blast  wave,  with  two  notable  exceptions,  that  is.  the  left 
door  leaves  of  Igloos  B and  C.  No  explanation  b attempted  for  what  appears  to  be  a delay  in  first 
motion  of  about  5.6  milliseconds  at  these  positions.  All  accelerometer  records  were  brief  because  of 
the  damage  incurred  by  the  doors  on  which  the  accekrometers  were  mounted.  The  records  exhibit 
no  signifkant  frequerKies  because  the  motion  was  primarily  translation  rather  than  vibration.  The 
right-hand  column  of  the  tabk  was  derived  by  a rough  compuution  of  theoretical  maximum 
accekration  of  an  unrestrained  body  having  the  same  mass  as  the  test  door  per  unit  of  exposed  area 
and  experieiKing  blast  pressure  equal  to  that  recorded  as  an  average  for  the  first  millisecond  of 
overpressure  (approximating,  but  lest  than,  the  maximum  overpressure). 
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TABLE  9.  Summary  of  Accalaromaf  Data. 


Ifloo 

Mfwor 

First  fnotioo. 
mmc 

FeeH 

acceleretion, 

f 

Typicet 

eoceiereiion 

¥ehmeltef 

Cekuleted  meaenum 
IfMbody  eceelerefion, 

f 

A 

Laftnloor  ImI 

37.S 

_ 9 

p 

RifM  doof  ImI 

38  J) 

. . ^ 

t 

• 

Left  door  M 

41.3 

c 

. . 

1 40 

Rifht  door  leel 

35.8 

ijxx) 

750  to  950 

C 

Uft  door  ImI 

41.5 

c 

1.310 

RifMdoor  ImI 

359 

* 1 > 

. , P 

0 

Left  center,  door 

35  Jl 

760 

475  to  550 

780 

Rifht  certter,  door 

35.8 

. . 

600  to  800 

E 

Left  door  ImI 

36.3 

730 

400  to  460 

1,180 

Right  door  ImI 

36.1 

975 

550 

* Rant#  of  vtIuM  rtcordtd  I to  4 milliMcoodt  afttr  ioittol  moiioo. 

* UnrMdiblo. 

^ UnrdMbto;  timo  of  firtt  motion  incomittoM  wrfth  oihor  dots. 


Bhst  Gauge  Data 

GcwfiL  The  blast  puge  instrumentation  consisted  of  two  basically  different  types  of  puges: 
(I)  BRL  sdr-recording  mechanic;d  pups  placed  at  distances  ranging  from  730  to  3.400  feet  from 
the  donor  center  (Table  10)  and  (2)  ICistler  piezoelectric  puges,  with  relatively  better 
frequency-response  characteristics,  placed  in  the  headwalls  of  the  mapzines  and  in  the  ground  2 feet 
in  front  of  the  igloo  headwails.  One  electronic  strain  pup  placed  in  the  ground  at  Igloo  B did  not 
function. 

Data  from  KJstler  piezoelectric  puges  and  BRL  mechanical  gauges  are  presented  in  Tables  10 
and  II. 

BRL  Caups.  Data  from  BRL  gauges  are  given  in  Table  10.  The  computer  assessment  of  BRL 
records  produced  (I)  tabulations  of  the  overpressure  and  impulse  versus  time  and  (2)  plots  of  the 
data.  Figures  52  through  55  show  the  plotted  data  for  II  of  the  13  BRL  gauges.  In  addition,  the 
computer  plotted  the  first  part  of  the  overpressure  curve  on  a semiloprithmic  scale  and  fitted  a least 
squares  line  to  (he  curve,  permitting  an  extrapolation  to  zero  time  for  determining  the  most  likely 
real  initial  overpressure.  Figure  56  shows  such  a plot.  This  procedure  was  designed  to  reduce  the 
effect  of  slow  response  by  the  BRL  puges  at  the  leading  edge  of  the  shock  wave. 

Similarly,  the  computer  plotted  the  trailing  edp  of  the  positive  phase  of  the  overpressure  curve 
on  a semiloprithmic  scale  artd  fitted  a straight  lirK  to  it,  permitting  extrapolation  to  the  most  likely 
positive-phase  duration  (Figure  57).  The  program  also  included  the  compulation  of  impulse  based  on 
these  extrapolations.  The  pressures  experienced  at  the  sites  of  the  BRL  gauges  were  considerably  less 
than  thoae  predicted  for  these  locations. 
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TABLE  to.  Summvy  of  BRL  Gauft  DoU. 


OaMit  loeaiion 

Peak  oaarproHura. 

P«» 

11 

Duraiionof 
OtarpraMyra,  computar 
airtrap.,  maac 

Gauaa 

Hna 

Dictanco 
from  donor 
cantor,  ft 

Dir  act 
raadiro 

Computer 

aatrap. 

Oiract 

raadina 

Computer 

aatrap. 

NW 

730 

1.04 

1.00 

50.7 

51J0 

142 

Hm 

730 

1.01 

1.14 

47J 

40.9 

132 

fm 

1.130 

0.71 

0.02 

31J 

32.7 

100 

mt 

1.130 

0jB4 

0B3 

... 

. . • 

« • . 

fm 

1.210 

OSS 

0.57 

79,7 

30.7 

160 

fm 

UlO 

0.40 

0.50 

27S 

30.4 

157 

fm 

1.700 

a37 

0.30 

22.3 

22A 

107 

fm 

1.700 

0.41 

0.44 

24S 

24J 

174 

fm 

3.400 

0.17 

0.18 

12.7 

1X1 

212 

fm 

3.400 

0.23 

0.25 

14.0 

15.5 

192 

S¥i 

730 

1.41 

1.30 

54A 

90.1 

110 

i 

I 


I 


TABLE  11.  Summary  of  Ptazoalactric  Gaugt  OaU. 


Gaupa  location^ 

Gaupa  dittanca 
from  donor 
cantar.  ft 

Paa4  ovarpraaaura. 
Pti 

Impuha. 

pai-mtac 

Tima  of  arrival 
ralaiara  to  zaro 
tima.mtac 

InexSant 

Rafiactad 

A.  r.  w. 

153 

270 

1740 

A.  1.  w. 

140 

. . . 

b 

..  .4 

37A 

A.r.f. 

140 

00 

. . 

. . A 

30.24/41.2* 

O.r.n. 

140 

200 

1744 

300 

0.1  w. 

140 

_ 0 

...4 

30.5 

O.r.g. 

145 

02 

\[[b 

0 

34.8^/37 

C.  r.  a*. 

140 

345 

1400 

35X 

C.  1.  w. 

140 

« 

b 

...4 

30.3 

C.r.f. 

145 

00 

! ! 

0.  r.  ar. 

140 

270 

2195. 

35.3 

0. 1.w. 

153 

_ 0 

..  .4 

37.2 

0,  r. «. 

147 

00 

**  0 

. . 4 

37.5^/. . . 

f .r.  w. 

140 

200 

1300 

36.5 

E.I.w. 

140 

210 

1295 

30J 

K.r.f. 

145 

70 

180 

...4 

35.8^/30.7^ 

t.I.i. 

145 

^ c 

. .4 

. . 

. . 

* A.  B.  C.  O.  and  C ra«ar  to  ifloo  idantitiai;  r.  and  I.  ra^t*  to  rifhi  and  Mt  pottiiont;  §. 
and  w.  rtfar  to  fround  and  w jN  local  ions. 

* Tbit  portion  of  raeord  difficult  to  raad  and  comidarad  unraiiabia. 

^ Noracord. 

^ Tima  of  incidant  blatt. 

^ Tima  of  rafloctad  Matt. 
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Pipure  S2.  DaU  flolt  for  BRL  Gaupei  IS  and  IN. 
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lOO.  *50. 

Tire  itsi 

Figure  55.  Data  Ptou  for  BRL  Gauges  5N. 


Figure  56.  Computer  Ptoi  of  Firil  Pari  of  Overpressure  Curve  From  BRL  Gauge  IS. 
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were  dropped  from  the  center  frequency  of  the  recorder  toward  the  lower  band  edge  with  the 
expectation  of  a positive  signal  from  the  amplifier.  Instead,  the  signal  from  the  amplifier  was 
negative.  (The  newly  received  amplifier/gauge  combinations  gave  signals  in  reverse  of  those 
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experienced  with  similar  but  older  equipment.)  As  a result,  the  linearity  of  the  records  and  their 
rebtionship  to  the  calibrations  are  somewhat  suspect  for  the  gauges  listed  above.  Despite  these 
problems,  the  gauge  (Lta  considered  in  the  aggregate  with  other  data  give  solid  evidence  that  the 
overpressures  experienced  were  considerably  higher  than  predicted  or  than  the  overpressure  impinging 
on  the  igloo  headwalls  in  the  ESKIMO  I test. 


DISCUSSION  OF  DATA  DERIVED  FROM  INSTRUMENTATION 


Figure  58 
5C  described  in 


shows  values  of  overpressure  versus  scaled  distance  (X)  for  tests  1C,  2C,  3C,  4C,  and 
Reference  4.  The  explosive  charges  used  in  these  tests  are  described  below: 


Test  no.  Oiarge  shape  Explosive  weight,  lb 


1C  Approximated  a cube  54K)0 

2C  Approximated  a cube  20,000 

3C  Approximated  a cube  lOjOOO 

4C  Approximated  a cube  10,000 

5C  4 ft  X 4 ft  in  plan  20,000 

form  X 25  ft  high 


In  the  above  five  tests  the  explosive  charge  consisted  of  reclaimed  TNT  cast  in  cut-down  ammunition 
boxes  with  each  box  containing  50  pounds  of  explosive. 

Figure  58  also  shows  a plot  of  a standard  overpressure  versus  scaled  distance  curve  derived  from 
Reference  5.  This  curve  was  based  on  hemispherical  stacks  of  explosive.  In  comparing  the  plots  of 
above  described  tests  1C  through  5C  with  the  standard  curve,  note  that  values  of  overpressure  for  the 
cubical  or  plane-faced  charge  geometries  are  consistently  higher  than  those  of  the  standard  curve  for 
scaled  distances  (X)  lower  than  10  ft/lb and  are  consistently  lower  for  higher  X values. 

Figure  59  shov\^  a comparison  of  overpressure  and  impulse  curves  derived  from  data  in 
above-described  tests  with  the  standard  BRL  curves  and  with  overpressure  and  impulse  data  from 
ESKIMO  II.  Note  that  the  general  tendencies  shown  in  the  prior  plane-faced  geometries  are  repeated 
in  ESKIMO  II.  The  foUowing  observations  can  also  be  made: 

1.  Close-in  overpressures  and  impulses  recorded  by  the  piezoelectric  gauges  tend  to  be  slightly 
higher  at  north  and  south  positions  off  the  triangular  faces  of  the  bomb  stack  than  they  are  at  east 
and  west  locations  off  the  sloping  faces  of  the  stack.  However,  time-of-arrivaJ  values  from  the  gauges 
and  accelerometers  tend  to  show  more  uniformity. 

2.  Relatively  far  field  overpressures  recorded  by  the  BRL  gauges  on  the  WNW  radial  tend  to  be 
lower  than  data  derived  from  the  cubes  and  the  high  square  columnar  geometries  in  Reference  4 and 
considerably  lower  than  the  BRL  standard  curves.  The  single  data  point  on  the  WSW  radial  line 
shows  the  best  agreement  with  the  curve  representing  the  plane-faced  geometry  of  Reference  4. 

The  points  shown  for  ESKIMO  II  assume  a TNT  equivalent  weight  of  24.000  pounds.  The  blast 
wave  produced  by  the  bomb  stack  behaved  much  like  24,000  pounds  of  TNT  in  a cube  configuration 
at  a scaled  distance  approximating  5,  but  at  scaled  distances  of  25  and  greater  on  the  NNW  radial,  it 
behaved  more  nearly  like  12,000  to  15,000  pounds  of  TNT  in  a cube  configuration. 
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Rfurc  58.  Plot  of  Ov^tTpttuutt  Versus  Scaled  Distance  (X)  From 
Pime<Skled  Explosive  Stacks  Compared  With  a Standard  Curve 
Derived  From  Hemispherical  Stacks. 
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Figure  59.  Companion  of  ESKIMO  II  Blait  Data  With  Other 
Selected  Blast  Data.  Assumed  effective  W • 24.000  pounds. 
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CONCLUSIONS 


Beciiite  the  near  field  blast  loading  exceeded  that  planned,  the  igloo  structures  were  subjected 
to  an  overtest.  Despite  this  overtest  the  large  ingle  leaf  sliding  door  on  Igloo  D (south)  withstood 
the  blast  loading  wPhout  breakup  or  severe  distortion.  UkewiK,  the  Stradley-lype  headwall  used  for 
Igloo  i (northeast)  Incurred  a clearly  acceptable  degree  of  damage. 

ESKIMO  III,  the  next  in  the  series,  wiJ  test  the  capability  of  the  noncircular  arch  remaining  in 
Igloo  i to  withstand  blast  loads  imputed  side^  by  the  detonation  of  a slack  of  donor  bombs 
contained  in  an  804bol4ong  magazine  parallel  to  Igloo  § with  a dear  separation  distance  of  1.25  X 

wi/^. 

The  slightly  damaged  headwatf  of  Igloo  B will  be  replaced  with  a headwall  of  similar  concept 
redesigned  to  accommodate  a single  leaf  sliding  door  eiaentialiy  similar  to  that  used  in  Igloo  D.  If 
succeuful  in  the  ESKIMO  III  test,  the  combination  of  the  l-gauge  corrugated  noncircular  arch  with 
the  Stradley*type  headwall  concept  and  the  one-piece  sliding  door  will  be  considered  a strong 
candidate  for  a standard  magazine  design. 

The  door  modifications  tested  in  Igloo  E (west)  are  not  considered  successful  and,  therefore, 
not  a reasonable  expedient  for  upgrading  existing  magazines. 

The  test  reaffirmed  the  need  for  achieving  a balance  in  the  strength  of  headwalls  and  doors. 
Results  at  Igloo  D demonstrated  the  severe  damage  sustained  by  this  type  of  wall  when  combined 
with  a strong  door  that  does  not  significantly  distort  or  yield  under  load,  and  thus  transfers  its 
loading  to  the  headwalls. 

Damage  experienced  by  Igloo  A (north)  was  insufficient  to  cause  detonation  of  acceptor  charges 
but  did  cause  initiation  of  acceptor  fires  and  also  considerable  acceptor  breakup.  The  headwall  and 
door  designs  are  not  considered  adequate  for  the  blast  loadings  experienced  in  this  test  (well  above 
the  planned  loading  at  this  igloo).  However,  It  should  be  noted  that  the  door  stop  devices  at  the 
door  head  and  sill  did  remain  in  place.  The  concept  of  providing  door  support  by  transfer  of  door 
loads  to  the  rigid  structural  planes  of  the  floor  and  ceiling  b a rational  approach  structurally  and, 
where  operational  processes  permit,  might  deserve  cost  comparison  with  the  horizontally  spanning 
door  and  vertical  pilaster  combination. 

Results  and  general  conclusions  from  the  study  of  the  effects  of  the  blast  on  the  %vindow  test 
cubicles  and  vehicles  are  described  in  Appendix  B.  The  corKlustons  are  summarized  as  follows: 

1.  The  test  .aipported  the  U.S.  inhabited  building  distance  standards  and  the  U.S.  public 
highway  separation  distances.  In  no  case  did  the  automobile  damage  exceed  the  level  considered 
tolerable  by  most  U.S.  authorities. 

2.  The  absence  of  window  lamage  at  3,4(X)  feet,  twice  the  NATO  inhabited  building  distance, 
suggests  that  thb  dbta«Ke  b unduly  convervaiive. 

Ttie  above  conclusions  regarding  window  and  vehicle  damage  are  based  on  an  assumed 
equivalent  explosive  loading  of  24/XX)  pounds  of  TNT.  Although  overpressure  and  impulse  values 
recorded  by  gauges  in  the  far  fidd  were  lower  than  expected,  aiuJ  although  it  b considered  possible 
that  the  same  amount  of  donor  explosive  packaged  or  stacked  differently  cculd  produce  higher 
pressures  and  impulses  at  the  building  and  vehicle  locations,  it  b believed  that  the  results  represent  a 
reasonably  typical  storage  situation  and  are  more  realblic  than  idealized  donor  configurations  such  as 
hemispheres  of  bulk  explosive. 
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This  appendix  was  prepared  at  the  request  of  DDESB  as  a contribution  to  the 
fuial  technical  report  on  the  ESKIMO  II  test. 


5B 


NWC  TP  55^7 


BALLISTIC  RESEARCH  LABORATORIES 


RlUiilcfWBaity/i^t 
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ESKIMO  U LOADING  PREDICTIONS 


ABSTRACT 


The  Balistic  Reteifch  Labnritonet  rciporded  to  an  informi!  request  hy  the  Department  of 
Defense  Explotim  Safety  Board  to  determine  the  charfc  weight  to  be  >ised  in  the  Eskimo  II  test 
that  would  generate  a 30  psi  overfressire  and  yield  an  1100  pti-miUisecond  impulse  at  a specific 
position  on  the  headwaU  of  an  earth<0¥ered  steel  arch  igloo  magazine  located  at  a ground  range  of 
147  feet. 

A aet  of  predictions  was  derived  using  the  BRL  computer  program  SLOFF.  The  inputs 
simulated  hemispherical  TNT  charge  yieids  of  equaling  2U»  22.9  and  24.7  at  ground  ranges 
•ich  that  the  side«on  preswrc  was  20,  25,  30  and  40  psi.  Evaluations  were  made  using  overpressure 
decay  rates  derived  by  both  Brode  and  Kingery. 

The  charge  source  was  restricted  to  750-lb  Ml  17  bombs.  Based  on  hemispherical  TNT  -urface 
burst  studies,  the  effective  yield  of  Ml  17  bombs  and  the  loading  prediction  of  SLOFF, 
recommendations  for  a 72  M 1 1 7 bomb  source  were  made.  The  predicted  side-on  pressure  was  38  psi 
with  an  1100  ptt-millisecond  impulse  at  the  specified  headwill  position.  Since  the  cylindrical  shape  of 
bombs  precluded  hemispherical  stacking,  the  alternative  of  triangular  stacking  was  suggested. 
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1.  INTRODUCTION 


The  Ballistic  Research  Laboratories  (BRL)  responded  to  an  utformal  reqtiest  by  the  Department 
of  Defense  Explosives  Safety  Board  (DOESB)  to  determine  the  charge  weight  to  be  used  in  the 
Eskimo  iH* **  test.  This  cxperimeiit  was  designed  to  obutn  blast  loading  and  response  dau  on  full 
scale  storage  igloos  of  varied  headwall  and  door  construction.  To  make  effective  use  of  the  capital 
asKts  remaining  after  the  completion  of  Eskimo  I test^«  it  was  decided  to  centrally  locate  the  charge 
such  that  the  three  remaining  storage  igloo  headwalls  and  the  two  to  be  added  would  be  subjected  to 
similar  loading.  Results  from  Eskimo  I and  previous  model  studies  indicated  that  a charge  which 
would  generate  a 30  psi  overpressure  and  yield  an  I ICO  psHnillisecond  impulse  at  a specific  position 
on  the  headwall  was  desirable.  The  DODE5B  firul  specifications  were  that  the  ground  range  would  be 
147  feet  and  that  the  impulse  should  be  1100  psi-milliseconds  with  side-on  pressure  being  the 
variable  parameter. 

A set  of  predictions  was  derwed  using  the  BRL  computer  program  SLOFF^^.  The  inputs  to  the 
program  included  positnre  phase  overpressures  ranging  from  20  to  40  psi  maximum  side-on  pressure 
with  the  decay  rate  and  duration  corresponding  to  that  expected  from  hemispherical  TNT  cliarges  at 
specific  ground  ranges.  The  output,  expected  impulse  at  the  designated  position  on  the  headwall,  was 
extrapolated  to  provide  the  proper  impulse  at  the  selected  ground  range  which  in  turn  indicated  the 
TNT  equivalent  charge  to  be  used. 


II.  APPLICATION  OF  SLOFF  TO  ESKIMO  II 


SLOFF  is  based  on  empirically  derived  equations  and  designed  to  predict  the  loading  on  any 
rectangular  surface  oriented  normal  to  the  direction  of  travel  of  a plane  shock  wave^.  Modifications 
were  made  so  that  the  program  could  evaluate  the  single  point  of  interest  on  the  magazine  headwall 
polygon.  The  program  can  evaluate  the  effect  of  rectangular  opening  in  the  front  surface  but  in  this 
series  the  doors  were  considered  as  capable  of  withstanding  the  loading.  It  should  be  mentioned  that 
the  program  makes  no  provision  to  handle  reflections  or  compression  waves  generated  by  surface 
irregularities  or  objects  in  proximity  to  the  area  of  interest. 

Input  parameters  included  the  maximum  side-on  pressure  and  positive  phase  duration  associated 
with  a hemisphere  of  TNT  resting  on  the  ground.  The  hemispherical  TNT  data  in  Reference  4 
provided  appropriate  base  information  for  the  test  conditions.  Three  charge  weights  of  10,000  lb, 
12.000  lb,  and  15.000  lb  were  chosen  with  a maximum  free  field  side-on  overpressure  of  20,  25,  30 
and  40  psi.  The  positive  phase  durations  and  ground  range  for  these  conditions  were  then  determined 
from  the  same  reference. 

Two  evaluations  of  the  impulse  at  the  gage  position  for  the  twelve  conditions  were  made  using 
different  equations  to  describe  the  decay  of  the  overpressure  function.  The  first  calculation  used 
equations  describing  the  exponential  decay  suggested  by  Brode^  and  the  second  used  the  empirically 


* Supcrscrtpi  numbers  denoted  references  listed  on  pafc  65 

**  Computer  profram  - Shock  Loading  On  front  face 
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TABLE  I RESULTS  FOR  10,000  lb,  12,000  lb,  and  15,000  lb 


CHARGE 

WEIGHT 

(lb) 

GROUND 

RANGE 

(ft) 

OVER 

PRESSURE 

(P»i) 

POSITIVE 

PHASE 

DURATION 

(nsec) 

PREDICTED 
IMPULSE 
Note  A 
(psi-Ksec) 

PREOICTED 
Iv.FL'LSE 
Note  S 

(p&i-DSCC) 

15,000 

123.3 
141.8 

155.4 
172.6 

40 

30 

25 

20 

38.7 

40.4 

44.4 
49.3 

912 

754 

666 

572 

992 

879 

778 

660 

12,000 

114.4 

131.6 

144.2 

160.2 

40 

30 

25 

20 

35.9 

37.5 

41.2 

45.8 

858 

710 

627 

540 

935 

828 

733 

623 

10,000 

107.7 

123.8 

135.7 

150.8 

40 

30 

25 

20 

33.8 
35.3 

28.8 
43.1 

816 

676 

SS7 

514 

888 

789 

700 

595 

Note  A.  iiingery 
B.  Erode 


PREDICTED  IMPULSE  AT  GAGE  POSITION  I9  ( PSI  • MSEC/L8 


T 
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TABLE  IJ 

RESULTS  FOR  24 

,000  lb  TNT 

CltARGE 

GROUND 

0\'ER 

POSITIVE 

PREDICTED 

PREDICTED 

htICHT 

RANGE 

PRESSURE 

PHASE 

IMPULSE 

1M1>ULSE 

DURATION 

Note  A 

Note  B 

(lb) 

(ft) 

(psi) 

(msec) 

(psi-msec) 

(psi-nscc) 

24,000 

144.0 

40 

45.2 

1068 

1160 

165.6 

30 

47.2 

882 

1082 

181.4 

2S 

51.3 

779 

910 

201.6 

20 

57.6 

670 

772 

Note  A. 

Kingery 

B.  Brode 


TABLE  in  PREDICTED  RESULTS 


• 

CHARGE 

GROUND 

RANGE 

(ft) 

OVER 

PRESSURE 

(psi) 

POSITIVE 

PHASE 

DURATION 

(msec) 

PREDICTED 

IMPULSE 

(psi-nscc) 

/ *r 

72 

M117 

Bombs 

147 

33 

4S.S 

1100 

Note:  Sea  level  conditions 
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derived  equations  suggested  by  Kingery^.  The  results,  tabulated  in  Table  1,  show  the  impulse  loading 
for  these  charge  weights  to  be  much  less  than  the  desired  1100  pst-millisecond.  Subsequently,  two 
additional  charge  weights  of  20,000  lb.  and  24,000  lb.  were  selected  and  the  data  scaled  for  these 
conditions.  It  was  considered  adequate  for  this  exercise  to  use  cube  root  scaling  for  the  impulse 
loading  as  depicted  in  Figure  I in  lieu  of  several  additional  computer  runs.  The  results  of  the  24,000 
lb  charge  weight  are  presented  in  Table  II.  This  data  enabled  the  determination  of  the  parameters 
associated  with  the  specific  ground  range  of  147  feet  selected  by  DODESB  as  presented  in  Table  111. 
All  evaluations  were  made  at  standard  sea  level  conditions  as  requested. 


UI.  COMMENTS 


Recommendation  of  a relatively  clean  predictable  source  such  as  ammonium  nitrate/fuel  oil^*^*^ 
was  made,  but  because  of  other  considerations  the  source  was  restricted  to  750  lb  MI  17  bombs 
surrounded  by  an  earthen  revetment.  The  effective  yield  of  the  Ml  17  bomb^®,  derived  by 
determining  the  TNT  equivalent  weight  of  the  explosive  filler  and  using  the  modified  Fano  formula 
to  estimate  the  energy  available  to  the  blast  wave,  suggested  a nominal  72  bombs  as  equivalent  to 
the  recommended  TNT  charge.  Since  bomb  shape  precluded  hemispherical  staclcing.  the  alternative  of 
triangular  stacking  was  suggested.  No  air  blast  data  from  the  detonation  of  a stack  of  bombs  of  this 
geometry  was  available;  however,  small  charge  experiments  conducted  by  DRl^^  and  BRL^^  with 
bare  cylindrical  charges  fired  in  free  air  and  on  the  ground  offered  some  information.  In  these 
experiments  the  effects  of  charge  geometry  on  the  blast  wave  was  observed.  In  the  case  of  a right 
circular  cylinder,  a bridge  wave  forms  off  the  corners  from  the  interaction  of  the  primary  end  wave 
and  the  primary  side  wave.  The  direction  of  propagation  is  at  45^  to  the  axis  of  the  cylinder.  Higher 
side-on  pressures  associated  with  these  interactions  were  measured  in  an  area  subtended  by  a 30^  arc 
in  the  direction  of  propagation.  Applying  this  observation  to  the  shape  of  the  bomb  stack  suggested 
that  these  higher  pressure  regions  would  not  affect  the  shock  loading  of  igloo  headwalls  facing  the 
sides  of  the  bomb  stack. 

Another  applicable  geometry  effect  observed  in  small  charge  experiments  was  the  increased  near 
field  peak  pressure  associated  with  an  increase  in  presented  area  of  the  charge  in  that  direction. 
Overall  dimensions  of  the  stack  would  approximate  a base  of  129  ;«iches  with  a height  of  112  inches 
and  a side  width  of  102  inches.  This  charge  geometry  presents  an  area  greater  on  the  sides  than  on 
the  ends,  but  the  difference  was  considered  tolerable. 

Even  though  the  donor  charge  offered  a number  of  uncertainties  • such  as  correspondence  in 
effective  yield,  edge  effects  from  the  stack  shape,  correspondence  in  overpressure  wave  shape, 
coalescence  of  multiple  shocks  and  their  expansion  over  the  revetment  into  a clean  wave  in  the  near 
field  • it  was  anticipated  that  a good  pressure-time  history  would  be  recorded  and  that  this  could  be 
used  as  an  input  to  a modified  SLOFF  program  that  would  evaluate  the  average  loading  on  the 
magazine  doors.  Correlation  of  the  test  measurements  and  predictions  will  be  made  after  the  test  data 
has  been  evaluated. 
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This  appendix  contains  six  photographs  of  window  test  structures  and 
automobiles  that  were  added  by  NWC  to  supplement  data  provided  by  the  Lovelace 
Foundation. 
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AIRBLAST  EFFECTS  ON  WINDOWS  IN 
BUILDINGS  AND  AUTOMOBILES 
ON  THE  ESKIMO  II  EVENT 

E.  R.  Fletcher.  D.  R,  Richmond,  and  R.  K.  Jones 
Lovelace  Foundation  for  Medical  Education  and  Research 
Albuquerque,  New  Mexico  87108 


INTRODUCTION 


Objectives 

The  objectives  of  this  project  were: 

1.  to  determine  the  velocities,  masses,  and  spatial  densities  of  the  fragments  from  three  types 
of  standard  plate-glass  windows*  mounted  in  closed,  cubical  structures  at  three  ranges  on  the 
Eskimo  II  test; 

2.  to  study  the  response  of  a clothed  anthropomorphic  dummy  (a)  standing  behind  one  of  the 
plate-glass  windows  and  (b)  sitting  in  an  automobile;  and 

3.  to  estimate  the  hazards  to  occupants  of  buildings  and  automobiles  exposed  to  similar  levels 
of  airblast. 


Background 

There  are  many  civilian  and  military  organizations  concerned  with  the  safety  of  personnel  in 
the  advent  of  a nearby  accidental  or  intentional  detonation  of  explosive  materials.  One  major 
problem  area  has  been  the  evaluation  of  the  flying-glass  hazard  to  occupants  of  buildings,  houses,  and 
automobiles.  Experimental  and  theoretical  studies  have  produced  a fair  amount  of  information 
regarding  the  conditions  under  which  ordinary  windows  will  break,  but  considerably  less  is  known 
about  the  characteristics  of  the  resultant  fragments.  Reference  1 su.nmarizes  the  available  pertinent 
data  which  were  obtained  mostly  by  trapping  glass  fragments  in  sheets  of  Styrofoam  (expanded 
polystyrene)  placed  behind  windows  in  houses  located  in  the  vicinity  of  nuclear  and  HE  detonations 
at  overpressure  levels  between  1.0  and  5.0  psi.  Most  of  these  data  were  for  windows  with  a glass 
thickness  of  from  0.082  to  0.13  inches,  whereas  the  plate  glass  commonly  used  in  buildings  has  a 
thickness  of  from  0.18  to  0.28  inches.  The  only  data  in  Reference  1 for  plate  glass  were  obtained 
from  five  identical  windows  in  one  house  exposed  at  an  overpressure  level  of  2.7  psi.  Thus,  the 
Eskimo  11  test  provided  an  opportunity  to  fill  the  gap  by  exposing  plate-glass  windows  of  several 
designs  to  lower  overpressure  levels  than  those  that  had  been  previously  tested. 


* Sheet-glass  windows  were  also  included  in  the  tests. 
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I PROCEDURE 

I Modules 

^ i 

I Ten  9-foot  cubical  boxes  called  modules  were  fabricated  and  positioned  along  the  northwest 

; radial  (see  Figure  I)  by  China  Lake  personnel.  Three  modules  abutted  oi:e  another  at  the  3400-foot 

range,  three  at  1700  feet,  and  four  at  1210  feet.  The  only  openings  into  tzch  module  were  a hole 
where  a window  was  mounted  ana  an  access  door  which  was  closed  during  the  blast.  All  of  the 
\ windows  faced  ground  zero.  Figure  2 shows  a preshot  view  of  the  modules  at  the  1700-foot  range. 

♦ 

f 

Windows 

t 

The  three  types  of  windows  tested  are  shown  at  the  bottom  of  Table  1.  Types  W1  and  W2, 
i designated  as  projected  and  horizontal-sliding,  respectively,  are  commercial-type  windows  used 

extensively  in  government  buildings  and  comply  with,  but  do  not  exceed,  the  Architectural 
Aluminum  Manufacturers  Association  (AAMA)  specifications.  The  Type  W3,  window-walls,  were 
mounted  in  a neoprene  structural  gasket  system  used  in  Federal  office  buildings  but  no  AAMA 
specifications  are  available.  Three  Type  Wl,  four  Type  W2,  and  three  Type  W3  windows  were 
mounted  one  each  in  the  ten  modules.  One  window  of  each  type  was  tested  at  each  of  the  three 
ranges.  The  additional  Type  W2  window  was  located  at  tne  1210-foot  range.  Some  of  the  panes  were 
spray  painted  different  colors  to  aid  in  identifying  the  sources  of  the  trapped  fragments  (see  Table  I). 


Styrofoam 

A Styrofoam  witness  plate  was  mounted  on  the  inside  back  wall  of  each  of  six  of  the  modules 
at  the  1700*  and  1210-foot  ranges  in  an  attempt  to  trap  glass  fragments  if  the  window  was  broken 
by  the  blast  wave.  The  witness  plates  were  fabricated  at  the  Lovelace  Foundation  using  low-density 
Styrofoam  (Type  11,  described  in  Reference  2)  glued  to  1/2 -inch  plywood.  Each  witness  plate 
included  two  pieces  of  Styrofoam  each  90  inches  high,  32 J inches  wide,  and  6 inches  thick.  Prior  to 
fabrication,  calibration  techniques  desedbed  in  Reference  2 were  used  to  develop  a formula  for 
determining  the  velocity  of  a fragment  from  its  mass  and  the  volume  of  the  impression  it  made  in 
the  Styrofoam.  In  each  module  the  distance  from  the  window  to  the  surface  of  the  Styrofoam  was 
approximately  84  inches. 


Goth  Sheets 

A cloth  sheet  (95  inches  wide,  95  inches  high)  was  hung  behind  the  window  in  each  of  the 
three  modules  at  the  3400-foot  range  in  order  to  estimate  possible  penetration  of  clothing  if  the 
windows  broke.  The  four  sides  of  the  sheets  were  fastened  to  wooden  frames  positioned  47  inches 
behind  the  windows. 
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Figure  1.  Field  Layout  for  Cskino  II  Test. 
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Flf5ur«  2.  Preshot  View  of  (fron  left 
B6,  and  B7. 


to  ri^ht)  Modules  B5, 
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TABLE  1 

DCSCBIPTION  OF  THE  WINDOWS  IN  THE  MODULES 


Paranrveters  for  Individual  Panes 

Window 

Typ* 

Number 

Color^ 

Width, 

in. 

Height, 

in. 

Typ*  of 

Glass  ' 

Frame  Type 

PI 

Copper 

45 

45 

Plate 

Fixed 

Wi 

P2 

Green 

45 

45 

Plate 

Fixed 

P3 

Silver 

42 

20 

Sheet 

Top  Opening 

P4 

Black 

42 

20 

Sheet 

T op  Opening 

W2 

PI 

Copper 

)4 

48 

Sheet 

Horisontnl  Sliding 

P2 

Green 

U 

48 

Plate 

Fixed 

W3 

PI 

Copper 

4 < 

90 

Plate 

Fixed 

P2 

Green 

4 

90 

Plate 

Fixed 

^ A Chin  cone  of  paint  was  sprayed  on  both  sides  of  each  pane 
at  1210  and  1700  ft  ground  range  but  not  at  the  34C0  ft  ground 

range. 


FRONT  VIEWS  OF  THREE  MODULES  INDICATING 
WINDOW  TYPE  AND  PANE  NUMBERS 


W1 

PROJECTED  WINDOW 


W2 

HORIZONTAL- 
SLIDING  WINDOW 


W3 

WINDOW  WALL 
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Amtomohikn 

Ten  cun¥efiliunjl  miimtvMn  were  ultiurd  i*ii  thl^  te^  (siee  Fifure  I eight  were  stluated 
left-fiiteHNi  an  the  nonhweu  radial  (one  at  1700  feet,  two  at  1130  feet,  and  five  K 730  feet),  and 
two  were  expoard  face-on  on  the  toythweii  radial  (^30  fcetl.  No  Styrofoam  was  placed  in  any  of 
the  automohilet. 


Two  atthropomofphk  dummies  attired  in  fummer  chrilian  cUMhing  were  supplied  by  the 
Lovelace  Foundation  for  this  test.  One  of  the  dummies  was  standing  35  inches  behind  pane  K in 
the  M module  at  1210  fret.  This  module  did  not  contain  any  Styroftiam  witness  plates.  The  dummy 
faced  the  window  with  his  chest  resting  lightly  against  a nanow  metal  rod  intended  to  siabiltae  his 
position  prior  to  shock  arrival  while  nm  interfering  with  subsetpient  possible  blast  displacement.  The 
other  dummy  was  secured  by  means  t»f  a lap  seat  belt  in  the  driver's  seal  of  a left'side-on  station 
wagon  located  at  730  feet  on  the  northwest  radial  (see  Figure  l|. 


Two  high-speed  (400  frames  per  sectind)  motion*piciure  cameras  were  used  by  China  Lake 
personnel  to  record  the  responses  of  the  two  dummies.  A reference  grid  was  painted  on  the  portion 
of  the  module  wall  in  the  tielJ  of  view  of  the  camera  ut  order  to  facilitate  velocity  determiiiatiom 
for  the  glass  fragments  and  the  dummy. 


Overpressure  Cnuges 

Eleven  self-recording  HKL  mechanical  gauges  were  positioned,  two  each,  at  the  3400-.  I7(X>-. 
1 2 10*.  ll.H)-.  and  730-foot  ranges  on  the  n«>rihwest  radial  and  one  at  the  730-fcMn  range  on  the 
southwest  radial.  These  were  supplied  hy  China  Lake. 


RESULTS  AND  DISCUSSION 
General 

All  of  the  modules  remained  structurally  intact  and  ihhic  of  the  cknh  sheets  or  Styrofoam 
witness  plates  were  damaged  ch  displaced  by  the  blast  experierwe.  A total  of  42b  fragments  were 
trapped  from  14  of  the  17  panes  which  briAc.  Window  damage  was  noted  in  eight  of  the  ten 
automobiles  on  the  la^HHit.  Dummy  and  glass  responses  were  satisfacit^rily  diKumented  with  both 
motion-picture  cameras.  GtM»d  pressure-tune  records  were  obtained  frtmi  all  gauges  and  average 
measured  peak  incident  overpressures  arc  given  tn  Figure  1 for  the  five  ranges  of  interest. 
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Windows  in  Modnkt 

Tilt  26  panes  of  gi«i  exposed  in  the  nodules  aie  listed  in  Table  II  alonp  with  ftich 
nfonuntion  as  glm  Uuckiien*  whether  or  not  the  pane  broke,  and  the  numbef  of  fragments  trapped. 
All  ten  panes  at  1210  feet,  arwn  of  the  eight  panes  at  1700  feet,  and  none  of  the  eight  panes  at 
3400  feet  broke.  As  expected,  only  a portkifi  of  the  g|w  from  the  broken  panes  was  actually 
trapped.  This  is  indiciled  by  the  number  of  fragments  on  the  floor  below  the  Styrofoam  shown  in 
Figure  3.  a postdiol  view  through  the  frame  of  pane  PI  in  module*  ft2.  Table  II  also  contains  the 
average  meanired  peak  incideat  overpressure,  P,.  the  cakulated  (usir^  P^)  peak  overpressure  in  the 
renected  wave  at  the  front  of  the  modules.  P,.  and  the  average  measured  duratloii  of  ilie  posttrve 
phase  of  the  incident  ouerpresnire.  t^. 

The  masaes  and  velocftirs  were  determined  by  procedures  described  in  Reference  2 for  aN  but 
Ove  fragments  which  struck  so  close  to  other  fragments  that  the  measured  volumes  of  the  impressions 
in  the  Styrofoam  were  mspect.  As  in  the  past,  it  was  noted  that  fur  each  pane  aa  approximately 
linear  relationship  existed  between  the  lugsriihim  of  the  velocities  and  the  logarithms  of  the  masaes 
of  the  fragments.  A least-squares  linear-regression  analysis  was  performed  for  each  pane  arnl  the 
results  appear  In  Table  II  where  V50  and  M5H  are  the  geomelrK'  mean  fragment  vekictty  and  mass, 
rrspcctivdy:  b and  are  the  slope  and  the  standard  error  in  the  slope  of  the  regression  line, 
respectively;  and  is  the  geometric  standard  error  of  estimate  of  fragment  velocity.  In  additkn. 

A50  is  the  geometric  mean  frontal  area  of  the  fragments  (calculated  from  the  density  and  thteknew 
of  the  glass  and  M50).  and  and  E^^  are  the  geometric  standard  deviation  of  the  fragment  masses 
and  frontal  areas,  respectively.  All  42b  fraqements  were  used  in  computing  the  densities  of  trapped 
Irogmenii  which,  for  each  pane,  tended  to  be  constant  over  an  area  of  Styrofoam  equal  to  the  size 
of  the  pane.  This  area  was.  in  general,  centered  somewhat  hekiw  the  center  of  the  pane  as  a result 
of  the  fragments*  having  fallen  (due  to  gravtiyl  in  traversing  the  dtsiatwe  from  the  frame  to  the 
Styrofoam.  Likevriae.  the  densiiy  of  trapped  fragments  lor  an  entire  window  (i.e..  counimg  the 
fragments  from  all  of  the  ptnesi  tended  to  he  approxtnulely  ctmslanl  <wer  an  area  of  Styrofoam 
equal  in  size  to  the  window  but  displaced  downward.  The  computed  average  densities  (designated  as 
and  p^  for  the  individual  panes  and  entire  windows,  respectively^  over  these  areas  of 
approximately  constant  densiiy  are  listed  in  Table  II. 

It  was  noted  that  the  fragment  data  for  panes  t»f  apprtiximaidy  the  same  thickness  located  al 
the  same  ground  range  tended  to  be  very  similar.  Therefor  the  data  were  combined  into  four  grtnips 
representing  panes  approxinulely  1/4-  t>r  l/K-irKh-tluck  located  ai  the  1210*  or  1700-foot  ground 

These  grtMjpt  are  shown  in  Figures  4 through  7.  The  results  of  a regression  analysis  for  each 
of  iIk  four  groups  are  given  in  Table  II  where  11  can  be  noted  that  for  si\  panes  of  approximately 
l/d-trwh-vhick  glass  at  !210  feet  the  mean  vehKrity  of  trapped  fragments  was  52.1  iT'sec  compared  to 
52  0/sec  Uh  the  pane  which  struck  the  dummy  as  estimated  from  the  motion-picture  record. 

Figures  4 thuHigh  7 alio  contain  the  regression  lines  as  weii  as  lines  drawn  one  siandard  error 
of  estimate  on  either  side  of  the  regression  lines.  In  addiikHi,  the  figures  contain  curves  indicating  the 
probability  of  a fragment's  penetrating  I cm  of  soft  tissue  as  given  in  Reference  3.  It  can  be  seen 
that,  of  the  421  trapped  fragments  for  which  masses  and  vdociiies  are  available,  imly  ten  had  at 
least  a 1.0*percent  probability  of  perKiraiing  I cm  of  soft  tissue.  These  fnigmenis  are  lisied  in  Table 
III.  Nine  of  the  ten  occurred  at  the  1210-foot  range  where  fragments  were  trapped  behind  eight 
panes  ghing  an  average  of  about  one  fragment  per  pane  with  a Mgnincaiii  OI.U  percent  I probability 
of  penetratir«g  I cm  of  soft  tissue.  The  highest  probability  computed  al  this  range  was  44  percent.  In 
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FiviTi;  4,  Glass  Fragments  Trapped  from  Approximately  1 /4-Inch-Thick 
Panes  at  a Ground  Range  of  1?10  Feet. 
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FRAGMENT  VELOCITY,  V,  ff/scc 


Figure  5,  Glaes  Fragments  Tra’jpcd  from  Approximately  1 /4-Inch-Thick 
Panes  at  a Ground  Range  of  17GG  Feet. 
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Figure  6. 


Glass  Fragments  Trapped  from  Approximately  1 /8-Inch-Thick 
Panes  at  a Ground  Range  of  1210  Feet. 
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FRAGMENT  VELOCITY,  V.  ft/stc 
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Figure  ?•  Glass  Fragments  Trapped  from  Approximately  1 /8-Inch-Thick 
Panes  at  a Ground  Range  of  1700  Feet, 
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TABLE  m 


WINDOW  GLASS  FRAGMENTS  WITH  A SIGNIFICANT* 
PROBABILITY  OF  PENETRATING  1 CM  OF  SOFT  TISSUE 


Module 

Number 

Pane, 

Number 

F ragment 
MasSf 
gm 

Fragment 

Velocity, 

ft/iec 

Probability  of 
Penetrating  1 cm 
of  Soft  Tissue, 
percent 

B1 

PI 

0.29 

178 

1.4 

5.03 

160 

12.0 

1.03 

149 

1.6 

1.95 

154 

4.0 

B2 

P2 

3.51 

162 

11. 0 

2.11 

187 

21.0 

P2 

0.58 

154 

1.1 

B3 

P4 

0.55 

169 

2.3 

0.97 

239 

44.0 

B6 

P3 

0,17 

233 

4.0  J 

* ^1.0  percent. 

• 

80 


NWC  TP  5557 


contrast,  only  one  fragment  with  a significant  probability  (4.0  percent)  of  penetrating  was  caught 
behind  the  eight  panes  at  the  1700-foot  range  giving  an  average  of  about  one-tenth  fragment  per 
pane. 

In  order  to  make  comparisons  between  this  and  prior  experiments,  the  current  data  were 
plotted  in  Figures  8 through  10  which  were  modified  from  Reference  1.  In  these  figures,  it  can  be 
seen  that  the  fragment  velocities,  frontal  areas,  and  densities  for  the  current  data  tend  to  luie  up 
reasonably  well  with  the  corresponding  values  for  the  prior  data  when  plotted  against  effective  peak 
overpressure,  taken  to  be  P,  for  the  current  data  since  all  the  windows  faced  the  advancing  blast 
wave.  However,  on  all  three  figures  the  current  data  tend  to  fall  above  the  .^egression  curve  based  on 
the  prior  data  only.  Thus,  the  current  data  suggest  that  in  each  case  the  shape  of  the  regression 
curve  might  need  to  be  modified  for  the  lower  overpressures.  In  the  case  of  the  mean  fragment 
velocity,  this  is  probably  because  the  fragments  with  low  velocities  will  not  be  caught  in  the 
Styrofoam. 


Dummy  in  Module 

The  window  pane  (P2)  35  inches  in  front  of  the  dummy  was  broken  by  the  blast  wave.  From 
the  motion-picture  record  it  was  determined  that  many  fragments  struck  the  upper  half  of  the 
dummy  with  an  average  velocity  of  about  52  ft/sec.  However,  the  only  effects  noted  on  the  dummy 
were  three  ! /8-inch-diameter  holes  in  the  shirt.  One  was  located  near  the  left  shoulder  and  two  were 
along  the  left  arm  about  the  level  of  the  elbow.  There  was  no  damage  or  lacerations  to  the  dummy 
itself  beneath  the  small  holes  in  the  shirt  and  the  fragments  did  not  adhere  to  the  material. 

As  a result  of  being  struck  by  the  blast  wave  and  glass,  the  dummy  was  accelerated  such  that 
his  head  and  center  of  mass  were  moving  backward  at  1.2  and  0.75  ft/sec,  respectively.  He  was 
found  in  a supine  position  and,  although  the  actual  impact  could  not  be  seen  in  the  film  record,  it 
was  estimated  that  his  head  and  center  of  mass  impacted  the  floor  at  vertical  velocities  of  20  and  13 
ft/sec,  respectively.  It  was  further  estimated  that  the  dummy  required  about  13  sec  to  impact  the 
floor  which  is  about  twice  the  predicted  average  time  required  for  the  glass  fragments  to  fall  to  the 
floor.  It  would  thus  be  expected  that  the  dummy  would  fall  on  top  of  the  glass  fragments  on  the 
floor,  and  such  was  found  to  be  the  case.  Several  large  cuts  were  found  on  the  back  of  the  hat  and 
shirt  of  the  dummy  as  a result  of  his  having  fallen  onto  the  glass. 


Windows  in  Automobiles 

The  locations  of  the  automobiles  on  the  layout  a indicated  in  Figure  I,  and  the  observed 
window  damage  is  documented  in  Table  IV.  At  730  feet  (1.2  psi)  the  most  common  damage  was  to 
windshields  and  door  windows,  particularly  on  the  side  of  the  automobile  facing  the  oncoming  blast 
wave.  On  the  average,  about  two  windows  per  automobile  were  damaged,  of  which  approximately 
one  half  completely  broke  out  and  one  half  sustained  multiple  fractures  but  remained  in  place.  Both 
automobiles  at  1130  feet  (0.62  psi)  sustained  only  multiole  fractures  of  the  windshields.  None  of  the 
windows  in  the  automobile  at  1700  feet  (0.41  psi)  were  damaged.  There  was  no  evidence  that  any  of 
the  automobile  windows  were  broken  by  bomb  fragments  or  crater  ejecta  rather  than  by  the  airblast 
itself. 

Fragments  from  the  window  which  broke  out  in  automobile  A3  traveled  across  the  field  of 
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EFFECTIVE  PEAK  OVERPRESSURE.  P. . psi 


Figure  8. 


Scaled  Geometric-Mean  Fragment  Velocity  vs.  Effective 
Peak  Overpressure. 
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Figure  9.  Geometric-Mean  Frontal  Area  of  F ragments  vs. 
Effective  Peak  Overpressure. 
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SCALED  AVERAGE  MAXIMUM  DENSITY  OF  TRAPPED  FRAGMENTS  PLUS  2.07, 

P 

4;9IOg-i2  7at  + 2.07.  FRAGMENTS /ft* 
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EFFECTIVE  PEAK  OVERPRESSURE,  Pe,  psi 


Figure  10.  Scaled  Average  Maximum  Density  of  Trapped 
Fragments  Plus  2*07  vs.  Effective  Peak  Over- 
pressure. 
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TABLX  IV 

AUTOMOBILE  WINDOW  DAMAGE 


Ground 

Mange, 

ft 

**!• 

pel 

Automobile 

Window* 

Damaged 

Orientation 

Number 

Deacription 

Eatent  of  Window  Damage 

A1 

Renault 

None 

None 

Face*On 

A2 

Pontiac 

Windahield 
Left  Rear- 
Door 

Right  Front- 
Door 

Right  Rear- 
Door 

Completely  broken  out 
Multiple  fracture* 

Completely  broken  out 

Multiple  fracture* 

A3 

Dodge* 

Station 

Wagon 

Windahield 
Left  Rear- 
Door  (Side)** 

Multiple  fracture* 
Completely  broken  out 

730 

U2 

A4 

VW 

Left  Door 

Completely  broken  out 

Left 

S^-On 

AS 

Peugeot 

Left  Front- 
Doer 

Right  Front- 
Door 

Completely  broken  out 
Completely  broken  out 

A6 

Chevrolet 

Windahield 
Left  Rear- 
Door 

Multiple  fracture* 
Completely  broken  out 

A7 

Dodge 
Fuel  Truck 

Left  Door 
Left  Vent 

Multiple  fracture* 
Multiple  fracture* 

1130 

0.62 

Left 

A8 

VW  Bu* 

Windahield 

Multiple  fracture* 

Side-On 

A9 

Lincoln 

Windahield 

Multiple  fracture* 

1700 

0.41 

Left 
Side -On 

AlO 

Buick 

None 

None 

• An  aathropomorpKic  dummy  Mcur«d  in  the  driver**  seat  oi  this  elation 
wagon  by  mean*  of  a lap  eeat  belt. 


Analysia  of  the  film  record  ifom  the  camera  (402  frame*  per  eecottd)  viewing 
thi*  window  Indicated  that  the  fragment*  had  a mean  velocity  of  about  11  ft/*ec. 

Note:  There  wa*  no  evidence  that  any  of  the  automobile  window*  were  broken  by  bomb 

fragment*  or  crater  ejecta  ralher  than  by  the  airblaat  itaelf. 
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view  of  the  motion-picture  camera.  From  analyzinf  this  record,  it  was  determined  that  their  average 
velocity  was  about  1 1 ft/sec.  It  is  estimated  that  fragments  with  this  low  of  a velocity  would  have  a 
very  small  probability  of  penetrating  1 ctm  of  soft  tissue. 


Dummy  in  Automobile 

No  damage  was  observed  to  the  dummy  secured  by  means  of  a lap  seat  belt  in  the  driver's  ser; 
of  the  left-side-on  sution  wagon  (A3)  at  730  feet  (1.2  psa).  The  only  window  which  broke  *Hit  in 
this  automobile  was  the  one  in  the  left  rear  side  door,  but  none  of  the  fragments  struck  the  uummy. 
From  the  motion-picture  record  it  was  determined  that  the  dummy  suffered  no  significant 
displacement  during  the  blact  r^p**rience. 


Window  Cubes  at  1^10  Feet.  AH  windows  srere  shattered  by  the  Matt. 
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Damir<)  Sutloo  at  730  F«eU  Note  broken  lUe  windowa  and  ihatteted  windshield. 


Window  Cubei  at  1.700  Feet  Showin*  CU$t  Shaida  in  Claai  Trap*. 
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Fuel  Tanker  at  730  Feet  Showii^  Glau  Damage  and  Denting  Door  and  Fender. 
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